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PREBFACH

This color display desipn guide was written for use by a human factors
engineer,  ilowever, au attempt has been made (0 express the concepts
and principles in Language understandable by the peneral reader interested

in the effective application of color to a display,

It {s assumed that the reader is either considering the use of color in o
particular display or has been tasked with determining how an existing

color capability might be used effectively in some specified application.  As

a consequence of thie orientation, thie document does not apecifically addr
the relative merits of color versus various other codes., Rather, it is assumed
thnt a decision to use color on a given display has been made and that it will

be used in conjunction with other codes (e, g., alphanumerics, shapes,

position, orientation, etc.).

The most difficult and perhaps least understood aspect of ¢olor usce is the
application of color as a coding tool when applied to a particular display
format, Other issues such as svmbol sirye and luminance are better docu-
meunted.  The data and recommendations are based on information available
in published articlis and researceh reports,  An attempt has been made to

use the available datn as much as possible in the development of puidelines.
The document is divided into two muyjor parts. urt [ pr ients principles

for color use plus supporting data where such data exist,  The princlples of

Part [ are general and can be applied to virtually any color disvlay.,

iii



buart 11 applics the principles in Part [ to real-world cockpit displavs based
on analyvsis of pilot's disrlay usage 1n several selected high workload missions,
The design principles are then used to geaecrate recommendations for volor

coding these displays. Examples of display formuats incorporating the rec-

ommended color coding are also provided.

Pact | was written by Marjorie Krebs, Part 11 wag written by James Wolf

and John Sandvig.

The contents of this document are based on information currently available,

oy

No experimental validation of conclusions is made. In some cases inforences
are made about trends and relationships that have not been completely vali- i
dated experimentally. It is hoped that as more informution becomes available
this design guide will be revised and improved to make it more relevant,

sound, and useful to ithe color display designer.

Acknowledgement is made of the advice and support of 1 number of Nuvy
personnel who revicwed the many versions of the desiyn guide and made
umerous helnful sogae stions for revision. Those who reviewed the docu-
ments or helped in other ways include: Cmdr. Donald Hanson, technical
monitor, and Dr. Jolin O'Hare, both of the Office of Naval Y{esearch; on
Frickson and Dan Wagner of the Naval Weapons Conter, China Lake,
California; tloyd Hitcheock and 1itl NMulley of the Naval Air Develop-
ment Center, Warminster, DPemnsylvania, and Cmde. Paul Chattelicr of . 3

NAVAIR,
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SECTION I

PART I INTRODUCTION AND OVERVIEW

The question of whether or not to use color in various display applications
is currently one involving some controversy, Data that can support either
side of the issue can be selected from the literature. A careful review
and analysis of the c¢alor literature reveals that the icsue of color utility
is not a simple one. The value of color as a coding method is entirely
dependent on its effective use in a specific application, That is, it can be
beneficial, neutral, or distracting. Which of these outcomes will occur

1= .- Y . TU
1> ol Uuliv Livil

environment, the display medium, and the specific way in which color coding

is applied are all important,

When this project was first begun, it was expected that specific display
formats using specific color codes could be provided in tris document,
allowing the user to select that particular format closest to one of concern.
Unforiunately, this has proved to be much more complicated than was
initially assumed. The '"ideal' color display is dependent upon sc many
situation-specific factors that a good color display in cne application may,
in fact, ke a poor one in another. Thus the objective of Part I of the

Color Display Desipgn Guide is to provide the user with date and principles
that will be helpful in making color format decisions. After carefully
analyzing the application in question, these principles should provide the

basis for making correct color coding decisions.




In Part [, a set of guidelines or principles are provided for color use,
Supporting data from the literature are provided in conjunction with these
statements, For the general reader who may not be familiar with certain
concepts and terms in the human vision, display, and color areas, selected
terms and concepts have been defined. These definitions are provicded in
..ppendix A. This information has been placed in the appendix to provide
easy access to specific terms while not interfering with the continuity of

Section III.




SECTION II

STEPS IN DESIGNING AN
ELECTRONIC COLOR DISPLAY FORMAT

The effective use of color in any given situation requires an analysis of the
specific environment, the displayed information, and the operator's task-
related information requirements. The following steps are provided as a
guide for the display designer in performing this analysis. The order in
which issues are raised in this section follows to some extent the order of

topic areas and principles presented in Section III,

1. Determine the colors available with the display system

hardware.

2. Determine the maximum luminance achievable with each

color,

3. Consider the ambient illumination in which the display

will be used:

a) Dark

) Average room luminance

¢) Variable--dark to bright sunlight

4. Calculate the luminance contrast achievable for each color
under the worst possible operating conditions (i, e., high

ambient light, such as bright sunlight shining on the display

surface),

et} e, -
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Any color that will not provide adequate contrast under
"worst case'' conditions should not be used as a primary
(nonredundant) information source. It should be used

elsewhere with caution.

Of the remaining colors available, select up to five
(maximum). The particular colors chosen should be

widely spaced in wavelength from one another,

Determine where the display will most likely be located

relative to the operator's normal viewing position.

a) If the display is to be peripheral to theline of sight,
any signal drawing attention to it should be white if
the signal is also peripheral. If colored, the signal

should be placed in the line of sight.

b) If the display is within the operator's normal scan
pattern, it can be considered foveal, Caution should

be taken to determine if this is a correct assumption.
The following size constraints should be observed:

a) On the display itself all colored alphanumerics and
symbols should be at least 21 minutes of arc high.
[.ines should be about three to four minutes of arc

wide for any graphics.

b) Avoid the use of blue in the coding of alphanumerics

or any small symbols.

aail wiinG.
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8.

Consider the use of color on the display:

a)

b)

c)

d)

e)

When symbols are difficult to see, as when they are

superimposed on imagery, use color as a redundant

dimension to improve symbol visibility.

As a general rule use red, gr:en, and yellow accord-
ing to the conventicnal meanings only (i.e., red =

danger, yellow = caution, green = safe).

For data displays use red, yellow, or green alphanumerics
as a partially redundant code to indicate the present
relative status of the numbers presented. For example,

a digital representation of altitude might be coded as

red if it is too high, yellow if borderline, and green if

it is within tolerance,

Use color to group spatially separated but related
information (e.g., a series of checkpoints on a map

or friendly vs. enemy installations).

Use color to reduce the effective density of items on
a cluttered display by separating them into several color
categories where the symbols can be assigned to task-

related groups.

Consider the other displays the operator will be using in

conjuncticn with this display. If any of them are color dis-

plays observe the following:

a)

Similar colors should have the same or similar meanings

across the display set. They should never have contra-

dictory meanings.




10,

11.

b} Color can be used to visually group information

across displays as well as within one display.

Consider the operator's workload during display use, The
higher the workload, the more important the clarity of the

displayed information. Under high workload conditions:

a) Use fewer than the maximum numkber of colors. The
more complex the color code the more difficult it will

be to use.

b) Use color primarily as a fully redundant or partially
redundant dimensicn (i.c., to enhance symbol visibility

or to convey relative information quickly).

¢) Avolid the use of irrclevimt color (i.e., a mullicolored
di::play where color has no specific, necessary, or uscful

task-related meaning),

In all situations except those of very low workload avoid
the temptation to overuse color, The more colors used

in any one display set the less effective each will he.

a) A colored warning light will laose its attention-getting

power in a puanel full of multicolored lights,

1) The most cffective color display is one in which color
is vsed sparingly, only when nceded, and where it
uniquely conveys information that other codes cannot

or do not provide.

o,
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12,

13,

14.

¢; Remember that each color added to the display not
orly adds to the potential difficulty of display‘use. but
also increases the deniands on the hardware for precise

color production,

Consider the possibility of display failure. Is the backup.
display a color display ? If not, all critical information should
be fully redundant with an achromatic code such as alphanum-

erics or symbol shape.

After reviewing the above points, consider the information to

be presented on the display.
a) What other codes are being used in addition to colnr ?
b) Is the display cluttered?

¢} How can color serve to quickly convey information to

the user?

d) low can color uniquely provide information that other

codes cannot convey ?

¢) If color were notl avallable, what are some of the

major potential problems in display use?
f) How can color solve any or gll of these problems ?

g) What potential drawbarks can you see in using color

in certain ways (¢.g., increased symbol size)?

Consider the range of missions or tasks in which the display

will be used.

e
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Sketch out at least two alternative color formats.,

15,

16, Work through the various changes in format for the display
as u function of changes in mission to sce if contradictory
or confusing uses of color arisc. $3e carcful to consider
related displavs in this analysis. Consider also the
possibility of display failure (Step 12),

17, If both preliminary formats appear cqually good, determine
the preference of potential users.,

18, 1If there is no other basis for seclecting setween two or more

equally "good" alternatives, choose the one with the fewest
color uses as calculated over the entire range of missions

in which the display will be operational.

et

Thage steps and the data and principles that support them are further

explained in Section I1I, By considering the questions raised here the

reader will form the basis for interpreting Section III contents with a

particular application in mind. )
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SECTION I

PRINCIPLES AN GUIDELINES FOR THE
EFFECTIVE USE OF COLOR AS A CODE

In this section principles and guidelines are rrovided for the use of color
as a display code. For euach topic area, relevant literature is cited, tables
and graphs showing trends ond relationships are provided, and where
possible, key polnis are sumt.arized in a box at the beginning or end of

cach subsection.

First thie phvsical specifications for color symbols (size, contrast, lumi-
nance, resolution) are givenu and the effects of ambient {llumination are

shown. After this, guldelines for the use of color as a code are provided,
Principles are stressed that are considered important in the effective use

of color to convey information,

PHYSICAL SPECIFCATIONS FOR COLOR SYNMBOLS

Symbol Size and Resolution Requirements

An important distinction must be kept in mind when specifying symbol s¥zes

for color displavs, The cifference between seeing a symbol and pérceiving

its color leads to different requirements. That is, & svmbol may be seen
and even identified, but not be large enough for its colot to be recognized.

In the following paragraphs size requirements are given for color perception

[1]



unless otherwise specified. Requirements will also vary with svmbol
luminance and contrast and will be affected by the range of ¢xpected

variatiens in ambient illumination,

SUMMARY OF COLOR SYMBOL SIZE
REQUIREMENTS FOR CRT DISPLAYS

®  Aphanumerics: 21 minutes of arc minimum height
®  As the number of colors increases from 2 to 6,
minimum height increases up to about 45
mirutes of arc
®  Symbol stroke width: two minutaes of arc minimuns

® Line width for graphics: four mindtes of arc minimum

@  Symbol aspect ratic: 5:7 or 2:3 width/height

Symuol Size- -As shown in Figure 1, minimum symbol size required for
adequate color perception varies from about 21 to 49 minutes of are,
depending on the mumber of colors usud.l If luminance contrast is lTow or
the display is degraded by noise and/or poor resolution, svmbol size should

be increased beyond the minimum recommended levels.

1Haeusing. M., ''Color Coding of Information on klectronic Displays, "
Proceedings of the Sixth Congress of the International Ergonomics

—r—————t

Association, 1976, pp. 210-217,

o




The lower size limit is well documented.l’2 The consequence of using smal-

ler symbols may be either:
1. The symbol appears to be achromatic (white or grey), or

2. Two symbcls of similar color may be confused (e.g.,

yellow and orange).

The latter point is the major reason for increasing symbol size as the num-

ber of different colors is increased.

60

50 - l

20 |

10 |

SYMBOL HEIGHT (MINUTES OF ARC)

U R TS NN F W S N
o 1 2 3 & 5 6

NUMBER OF COLORS

Figure 1. Recommended Symbol Size as a Function of Number of Colors
Used on the Lisplay (Below 21 minutes of arc, color percep-
tion may be adversely affected.)

2Bishop, H.P. and M.N. Crook, "Absolute Identification of Color for
Targets Presented Against White and Colored Backgrounds, " Report No.
WADD TR 60-611, Wright-Patterson AFB. OH, March 196G1.




Size vs., Symbol Lumirance vs. Information Type--The particular informa-

tion being displuyed and the symbo. luminance will also influence the

. 3 .
recormended size of colored symbels, In Table 1, size recommendations

are provided for three classes of information at two levels of symbol
luminance.

Size ranges arc expressed as the ratio of symbol size to viewing
distance,

For a glven viewing distunce, symbol height can be determined

py multiplying this distance by the appropriate tavle value, Note that as

signal luminance is decreased symbo: size must be incressed. The type
and “eriticality" of the information also influences symbol size. The dato
in this table are calculated from achromatic data and have been adjusted to

reflect the increased size requirements for color symbols.

TABLE 1. RECOMMENDD MINIMUM ALPHANUMERIC CHARACTER
HEIGHT TFOR COLOHLD =Y MBOLS ON HIGIT AND 1.OW LUM-
INANCE DISPLAYS

Tvpe of Nigh Display
Information Luminance )
Displayed (to 3.4 cd/m7)

T.ow Display
Laminance |
(to 0,1 ¢d/m™)

ritical Datex, -
Critical Dats, | 0.007 t0 0,011 | 0,011 0 0.017
Variable Paosition

ritical Data . )
Critleat Data, 0. 005 to 0.011 0. 008 to 0. 017
Fixed Position

Noncritical ata

0.003 to 0,011

0.003 tov,011

(Character height is expressed as o fraction of viewing distance.)

dSmith,. S. L., ''Visual Displayvs --Large and Swall, "' MITRE Corporation,

for USATF Electronic Systems Division, ESD-TOR-62-339, A 203-826,
1662,




Acuity as a Function of Color--The ability of the observer to discriminote

fine deteil varies as a function of both syinbol color and background color,
In Figurc 2, 4 reading accuracy is compared for four red and blue target -
background combinations. The percentage of correct responses for the
varilous-size openings in a Landoll ring (1. e.,, target detail) is plotted, The
relative performance superiority obtained with red targets is clearly seen
in this figure. The observer 1s more sensitive to fine detail at the red

versus the blue end of the spectruni.

RESOLUTION REQUIREMENTS FOR
MATRIX DISPLAYS

®  Use larger dot format rather than smaller brighter dots®

¢ AL x 7 dot matrix will provide marginal performance;
larger matrix sizes should ba used where possible

RASTER SCAN DISPLAYS

®  Fittean scan lines per symbol height {minimum)

41\/1yers. W,S., "Accommodation Effects in Multicolor Displays, " Alr
Force Flight Dynamics Laboratory, Wright-Patterson Air Force RBase,
Otl, AFFDL-TR-67-161, AD 826-134, December 10€7,

5
Ellis, B., G.J. Burrell, J.I. Wharf, and T.D,F, Harokins, 'The Formauat

and Color of Small Matrix Displays for Use in tHigh Ambient I1lumination, "
Royal Alrcraft Establishment Technical Report 75048, March 1975,

13
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Resolution Requirements for {olor Symbols--The display requirements for

producing color symbols are closely related to color acuity. If the display
is a raster scan CRT the resolution is typically defined in lines per symbol

height, If it is a matrix or LED display the requirements are defined in

terms of number of dots or strokes per character,

For raster displays resolution is expressed as the minimum number of
lines per symbhol height, A well-established standard for black and white
TV systems is ten lines per symbol height for 100 percent accuracy in

1

character recognition. Since recommended symbol size for colored
symbols is about 50 percent greater than that for black and white symbols,

a reasonable standard would be 15 lines per symbol height as a minimum,

Color Display Luminance and Contrast Requirements

The specification of required color symbol luminance depends on a number i
of factors., The most important of these are background luminance, ambient

illumination, and symbol size, At very low symbol luminances or under very

high ambient lighting conditions, the color of the symbol is also important. 3
To specify luminances for a particular application, the entire range of
ambient lighting conditions in which the display will be used must be
specified.

6Eri.cksen, C.W., ""Multidimensional Stimulus Differences and Accuracy of
Discrimination, "' Wright Air Development Center, Wright-Patterson Air
Force Base, OH, WADC TR54-165, 1954,

7Shurtleff. D. A., ''Design Problems in Visual Displays, Part II: Factors
in the Legibility of Televised Displays, " The MITRE Corporation, Report P
No. L'SD-TR-66-299, AD 640-571, September 1966. -




Symbol luminance:

Background luminance:

Contrast:

Ambient illumination:

c
sym

SUMMARY OF LUMINANCE
AND CONTRAST REQUIREMENTS

Minimum for good color perception: about 3 cd/m?

Optimum under mod

Srate lighting conditions: range
from 30 to 300 cd/m

Visibility of color symbols better on dark background

For CRT displays, symbol-to-background luminance ratios
of about 16:1 optimum

The higher ihe ambient tlumination, the higher the
bol tluminance must Le to achieve adecuate contrast

color contrast.

contrast values.

Contrast--Available data demonstrate that slightly better visibility is
The reverse is true for black and white displays.

mance comparison between color and black and white syvmbols

luminance contrast is shown.

achieved on color displays if the symbols are displayed on a dark background.

s it

This advantage is only demonstrated tor medium luminance
Analysis of these data indicated that beyond 15 percent con-
trast, color symbols were not significantly affected, Achromatic symbols

were atfected at both the Jowest and highest values.

McLean, M,V,, "Brightness Contrast, Color Contrast, und Legibility,"
Human Factors,

7, December 1965, pp, 521-526,

This relationship is shown
R 8 : . . i 8
in Figure 3~ for performance on a dial reading task. In Figure 4 a perfor-

| EURTA R, |
vraLar ULt
In this figure the relative superiority ot color
symbols {i.e., faster reading time) is attributed to the additional benefits of
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Haeusing1 recommends luminance ratios (1, ““2) of about 10:1 for multicolor

1
CRT displays. Heglin9 recommends minimum luminance ratios of 5:1 or
8:1., The most relevant ratio would depend on other factors such as symbol
size and number of colors used. If one factor is by necessity at a minimum
value, values on the other factors should be adjusted to compensate. For {
example if luminance ratios of 5:1 are likely, then symbol size should te

increased well beyond 21 minutes of arc, and/or the number of colors used {

should be reduced.

Ambient [lluminstion~~For many real-world display applications, the major

factor influencing display visibility is the ambient illumination. When
external lighting can be maintained at 2 minimal level, achievinp adequate
visibility is relatively easy. When thie ambient lighting is variable and/or
becomes very bright at times (such as is found with cockpit displays in
bright sunlight), problems arise. The cffect of adding environmental light
to a display surface is to decrease the symbol-to-background contrast.
Colors begin to desaturate or fade, and under very high ambient lighting
they may be completely washed out. Conversely, if outside lighting is very
low it may be desiranble to keep symbol luminance at a minimum to maintain
the operator's adaptation to the dark. If the symbols are colored, reduction
of their luminance below about 3 cd/m2 will seriously interfere with the
perception of their color. If either of these situations is likely to occur
across the range of expected display uses, color should probably be used

as a fully redundant code.

9Heg11n, J., NAVSHIPS Display [lumination Design Guide, Scction II: Human
Factors. Naval Electronics Laboratory Center: San IMegc, CA, 1073,

18




Low Ambient Illumination--Perception of surface colors on maps, charts,

2
etc. requires luminance values of at least 3 cd/m”. Below this minimum
level it becomes difficult to differentiate colors. Comfortable reading and
good color perception require from 30 to 300 cd/mz. At very high lumin-

ances (beyond about 3000 cd/mz), surface colors become increasingly hard

to see due to poor luminance contrast.

If the ambient lighting itself is colored, (such as the red night lighting in
some alrcraft), surface colors becocme more difficult to discriminate. They
may markedly change in appearance. Table 210 describes some of these

changes.

Both the intensity and the color of the environmental lighiing should be
cc .sidered when choosing specific coloras. Particularly for surface colors,

the colored ambient lighting may cause color confusion,

When the display is to be used in light-restricted or night time conditions
and the background is dark (below about 1 cd/mz), required symbol

luminance is lowest.

in Figure 5.11 observer response time data are given as a function of signal

luminance and wavelength., Below about 0.1 cd/m2 the symbols are not

1OSemple. C.A. Jr., R.J, Heapy, E.J. Conway, Jr., and K, T, Burnette,
"Analysis of Human Factors Data for Electronic Flight Display Systems, "
Technical Report No. AFFDL-TR-70-174, April 1971, 570 pp.

11Pouacl:c. J.D., "Reaction Time to Different Wavelengths at Various
Luminances, " Perception and Psychophysics, 3, 1968, pp. 17-24.




TABLE 2.

LIGHT ON SOME COLORED OBJECTS

EFFECT OF SOME VARIETIES OF COLORED

QRTECT COEonR

K1 D Liont

B LienT

GHUEXN LIGHT

Y1 LLOW Gt

White
Blach
hed

1 aght tlae
vk blue
Giteen

3 ellow

Hrown

Light pink
Reddish tlack
Beitlinnt red

Reddizh blue

Dark reddish parple

Coove preen

Red orange

Rrowa red

Very light blae
Hlue black

Dok bluish red
Rright tlue
BRrilliunt blue
Green blue

Light reddish Lrown

Bluish trows:

Very Light green
Greenish Black
Yellowish red
Creemesh bhlae

Dark greenish tlue
Hrillint green

Light greemsh yellow

Dark olive trown

Vers light vellow
Orunge black

right red

Light reddish blae
Lipht reddish purple
Yellow green

Hrliant light orange

Hrowmsh orange

seen as achfomatic rather than colored signals,

In these conditions, shorter

wavelength signals in the blue to green region produce much faster response

times than do the longest wavelengths toward the red end of the spectrum,

High Ambient llumination--In general, the effect of ambient illumination

striking the display surface is to reduce the symbol-to-background contrast,

Under very high levels of ambient illumination, response time to signals at

both the red and blue end of the spectrum are faster than those in the yellow

to yellow-orange region. In Figure 6.12 response time as a functicn of

2

1 Tyte, R., J. Wharf, and B, Ellis, "Visual Response Times in High Ambient

Nlumination, " Society of Inforrnation Displays Digest, 1975, pp. 98-99.
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Figure 6. Response Time as a Function of Wavelength

signal wavelength is shown at two signal luminances under an ambient
illumination of 105 lumens/mz. “The lower signal luminance produced a
much greater effect (increased response time) in the yellow region. At
105 lumens/m2 red symbols are more visible than green symbols. To be
equally visible in high ambient light, green signals should be about three

times the luminance of the reci.5

In Figure 712, response time as a function of signal luminance is plotted
for red, green, and yellow signals. In this figure the marked superiority

of red under high ambient conditions is demonstrated.

12
[lumination, ' Society of Information Displays Digest, 1975, pp. 98-99.
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Display Location and Peripheral Vision

The eye is most sensitive to color within only a small part of the total field
of view. Beyond this area the eye is differentially sensitive to individual
colors, both in terms of limits of field of view and in operator response
time to different colors. {(Seec Table 3 for a distinction between foveal

and peripheral displays.)

Peripheral Sensitivity to Color--Of the various colors the field of view is

widest for yellow and narrowest for red and green (see Figures 12 and 13).
Within the total field of view, response time to different colored signals

also varies. Reaction times (RT) obtained for red, green, blue, yellow,
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and white were marped over the visual field in one study.l3 These RTs f
fell into bands, When plotted as in Figures 8 through 12, these bands of
similar response time ("iso-RT" zones) show some distinct color differcnces.
In these figures, zones are plotted and the related RT within each zone is
indicated., These data are summarized in Figure 13, which indicates that
white has both the widest field of view and the shortest response iitnes over
the entire field, while red has both the narrowest field and the longest

response times,

Blue, green, and yellew are roughly similar to each otheyx end fall between _
the red and white plots. 1n Figure 14, the iso-2T plot for red is super- :
imposed over a cockpit instrument panel. ¥rom these results it can be

ccncluded that a signal light should be placed as close as possible to the

direct line of sight, Whilte is the best choice for a signal light and red is

the poorest, as indicated by reaction times, The furtner into the periphery

the light is moved, the greater the discrepancy.

HHaines, R.M,., L.M. Dawson, T, Galvan, and L, M. Reid, "Response
Time to Colored Stimuli in the Full Visual Field, " Report No. NASA
TN D-7927, NASA Ames Research Center, Moffett Field, CA, March,
19735, pp. 217.
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Peripheral Displays--If many displays are being used by the operator, some

must by necessity be located peripheral to the line of sight, If these displays
are routinely scanned the problem muy not be significant. However, for
those outside the normal scan pattern, special precautions should be taken.
For example, a given display may be located outside the normal scan pattern,
It may contain system status information, which is usually in tolerance. The
information on the display only becomes critical when a tolerance limit is
exceeded. If the display were centrally located, red could be used to alert
the operator. However, red is poor when used as a peripheral cue., What
should be done ? Several color coding possibilities exist, The most straight-
forward one would be to use a central master warning light as shown in
Figure 15. Anocther solution would be tc display the warning light or

abbreviated message dircctly on the primary dispiay.

Selecting Specific Colors

Where color is to be useu as part of a display code tlic designer must
determine 1) how many different colors will be used, and 2) what these

colors will be.

How Many Colors Should Be Used ?--The decision to use a given number of

colors must be made after considering the limitations of the displny medium,
the ambient lighting, and perceptual limitations of the observer or display
operator. All of these factors are important in arriving at a proper

decision.




' PRIMARY
(STATUS DISPLAY) DISPLAY
T OMAL- - D SECONDARY SECONDARY
- FUNCTION DISPLAY #3 DISPLAY #1
REPRT ] '
\\ SECONDARY /
~—| DISPLAY #2 |eg—

a) Arrows indicale normal scan of operator among major dispiays. Siatus
display is outside of this pattern.” Message printed in red would not help
in initially alerting operator.

PRIMARY
DISPLAY

(STATUS DISPLAY)

- FUNCTION

SECONDARY

CISPLAY #3

Y omaL- - D T RED

(2) MASTER

SECONDARY
DISPLAY #1

g WARNING
\_‘ SECONDARY
DISPLAY #2

b) Addition of master warning light in center of scan area provides eifec-
tlve alerting signal. Directional arrow would further reduce operator
response time. Warning light could be colored red.

AN IR &S

e

Figure 15, Illustration of Peripheral Color Display
Problem and a Proposed Solution
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" FACTORS INFLUENCING NUMBER OF COLORS

®  Surfece colors vs. self-luminous displays
®  Ambient illumination

®  Operator workload

¢ Color code relaticn to operator task

GENERAL RECOMMENDATION FOR
COCKPIT CRT DISPLAYS

) No more than four colors on any one dispiay

dMeplay Medium--Self-luminous displays such as CRTS may or may

M
not have a limit on the number of different colors possible. The important
point to remember is that the grcater the number of colors used, the

greater the demands on the system for precise reproduction of each color,
The more similar two colors are, the more critical it is that each be pre-
cisely defined and reproduced on the display. The probability of operator
error will increase if color contro!l is not fairly rigid, due to confusion as

to which color is being displayed. In Table 4.14 an example of sonie common
color confusions is presented. Note that these confusions occur only for

adjacent colors in the table.

1

4Cormolly. D.W., G, Spanier and F, Champion, '"Color Display Evaluation
for Air Traffic Control, " Report No. FAA-RD-75-39, Federal Aviation
Administration, Washington, D. C., May 1975, 41 pp.




TABLE 4. ERRORS OF COLOR IDENTIFICATION

Shown Called
Red Orange Yellow Green Total Percent
' Red X 21 0 0 21 2.9 '.
Orange 9 X 10 0 19 2,6
Yellow 0 6 X 15 21 2.9
Green 0 0 6 X 6 0.8
Grand Totzal = 67 2,3 !

Human Perceptual Limits--With very extensive practice and under

-3
ideal conditions, human observers can individually identify up to 50 colors}”

This number, however, far exceeds any reasonable number for operational
conditions outside of the laboratory. With less practice but still under
lcboratory conditions, it has been found that as the number of colors increased

the number of identification errors also increased:

Percent of

Number of Incorrect (Error)
Colors Responses
10 2,5
12 4,5
15 9.2
17 28.6

15
Hanes, R,M, and Ivl*v Rhoades, ''Color Identification as a Function of
Extended Practice,  Journal of the Optical Society of America, 49, 1959, |

pp. 1060-1064. !




If the operator task requires absolute identification of a color, ten colors

appears to be maximum for good accuracy. If absolute identification is not
required more colors can be used. Up to 23 colors can be profitably used

in coding of surface color maps where color served as an aid to search,

according to the results of one study.16

Number of Colors vs. Performance--As the number of cclors is in-

creased in a situation where symbol color is assigned a particular meaning,
both error rate and detection time increase. The general relationship
between code size (e.g., number of colors) and response time is shown in
Figure 16}7 The greatest effect occurs early in training and diminishes
with extended practice. This figure clearly shows, however, that the
greater the number of colors used the more time required to respond to any

individual color when it appears.

.., 18
Similar relationships have been reported by Ihtt.1 who averaged the num-
ber of responses per minute over a variety of tasks involving multiple targets.
This is shown in Figure 17, Stated more positively, when fewer colors are

me will be faster for ea

veod the regnonce
uced the responge t

-
i

h one when it appears.

ta

16Shontz. W.D,, G.A. Trumm, and L, G, Williams, "Color Coding for
Information Location, " Human Fuctors, 13, 1971, pp. 237-246.

17T eichner, W.T. and Krebs, M,J., "Laws of Visual Choice Reaction Time, "

Psychological Review, ﬁl, 1, 1974, pp. 75-98.

18Hitt, W.D,, "An Evaluation of Five Different Absiract Coding Methods, "

Iluman Factors, 3, 1961, pp. 120-130.
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Figure 16, Reaction Time as a Function of Practice
for Four Code Sizes with Equiprobable
Alternatives

12

10

AVERAGE NUMBER Of
RESPONSES PER MINUTE

I L | 1 J
4 6 8

(AN

NUMRER OF COLORS

Figure 17, Effect of Number of Code Levels on Operator Perfcrmance
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The importance of increased responsetime (or increased errors) must be re-
lated to the operator's task, If the workload is expected to be high or fast
reaction tims critical, then the number of ¢olors used should be kept as low

as possible,

General Hecommendations- - although no specific data appear to exist

from real-worid displays, several investigatorsl' 10 have recommended
that a three-to-four-colior iimit be used for operational displays. The
smaller code size for operational situations is based on the expectation
that ambient lighting may at times be high, that display reliability may be

limited, and that fast reaction time of the operator may often be critical.

irr 1~

Wiichi Celors Should Be Used? --The best generai criterionto uge in gelecting

a sct ol colors of speciflied size is to pick colors as widely spaced in wave-

length o5 possible along the visible spectrum. Under good virwing cenditions
s o 19 : - . .

the ten colors indicated in Table 5~ provide a highly identifiable set,

{

N

Y CRITERiIA FOR SELECTING SPECIFIC COLOR SET

) fmaximum waveiength separation

®  High cclor contrast

< High visibility in specific applizatian

®  Compatibility of use with conveational meanings
. Legibility and sase nf reading

&  High saturaticn

¢ 1
lJBaker, C.A, and W.I', Grether, "Visual Frescntation of Information,
Wright Air Development Center, WADG-TR-5416C, AD 43-064, 1954,




\
TABLE 5, TEN COIORS THAT CAN BE IDENTIFIED CORRECTLY
NEARLY 100 PERCENT OF THU TIME UNDER GOOD
VIEWING CONDMTIONS
Dominant Color
Wavelength (nm) Name . |
430 violet
176 blue :
494 greenish-blue
504 bluish-green
o156 green
556 vellow-green
582 vellow
RRIY orange
610 orange-red \
642 red '

However, as indicated in the preceding subsection, the lmitations of
hardware, the effects of smbient illumination, and operator worklead

may limit this number somewhat,

noon 200y

Table 6 presents a six-color cade recommended by Cook,

3
o

also provides several notations helpiul in identifying each color,

20 - - - . . ,
Cook, T,C., "Cclor Coding~-A Review of the Literature,' U,S, Anuy
I'uman Engineering i.aboratory, Aberdeen Proving Ground, MD, HEL
Tech Note 9-74, November 1974,
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Relative Visibility of Individual Colors- - All colors are not equally

visible. ¥ven if a specific coler can be accurately named when simply
presented as a test patch under good viewing conditions, in other conditions
or other tasks it may create problems., The best documenied example of
this {s the color blue. ‘LThe fovea of the human eye, which is sensitive to
detall, is cssentiaily blue-blindz.1 A= a consequence, small synibols or

fine dctail ore not seen as well in biuc. flecause of this, blue is not recoun-
mended as a color to be used for alphanumerics, lines, etc. unless they arc

unusually large., BDeiter yet, blue should be reserved for coding large zones

or nreas ou the display.

Relative legibllity of six colors (including white) as a function of symbol

size is cshown in Figure 18, The dr-.'mz2 show the specd at which alphanumer-
ics can be read as a function of symbol colo.r and size, Under the conditions
of thia test red, white, and yellow symibols were read at a much higher rate

23 .
than green or blue sy mbols. Similor data”™ ™ are shown in Figure 19,

*wald, G., "Bluc Blinduess in the Normal Fovea, " Journal of the Optical
Socicty of America, 57, 1967, pp, 1289-1303, '

2]\/1eister, D. and D.J. Sullivan, " Guide to Humen Engineering )esign for

Visual Displays, "' Officz of Naval Resecarch Contract No: NC0O014-68-C-
0278, Office of Naval Rescarch, Enginecring Psvchology Branch, Washing-
ton, NC, AD 693-237, 1969,

2“!{1'« y, . ¥,, "Dichroic Filter Specification for Color Addiiive Displays. IL,

Turthee Fxploration of Tolerance Areas ond the Influence of Other Display
Variables, " USAF Itome Air Development Center, RADC-TR-67-513, AD
£H9-346 Jeptemnber 1967,
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Visibility of Colored Signal Lights--Amber, violet, and red are spotted

more quickly and named with fewest errors in both laboratory and air-to-
ground flight tests of eight different signal lights%‘l Incandescent lights
were the worst signals by all measures. [t was also found that flashing
ground lights were seen no more quickly than steady lights if the incensity
of the two were the same. The attention-getting power of a flashing stirobe-

type light may be due to the relatively greuter intensity of each flash.

Conventional R, G, Y Color Code--The three cclors, red, green, and

yellow, and their associated mecadnings of warning, safe or advisory, and
caution, respectively, are widely known and accepted color conventions.,
Color displav design should adhere to these conventions where appropriate,
If the type of information being presented on the display can be readily
assigned to these categories. the resulting display format will be easily
learned by the operator. Military Standard 411-—1)25 lists the use of the

colors indicated above.

In ¥igure 20, chromaticity specifications for red, green, and yellow are
. . 26
given, as well as for several other colors, (See Appendix A for an

explanation of the chromuaticity diagram,)

9
“4Hilgendorf, R. L., '""Colors for Markers and Signals: Inflight Validation, "

AMRL TR-T71-T7, Wright-Patterson Air Force Base, QIi, AD 737901, 1971.

4
usmilit;-u'y Standard, MIL-STD-411D, 30 June 1979 with Notic .-1, Aircrew
Station Signols, 30 August 1974, Washington, DC: Department of Defense.

26Military Specification, M L-C-25050A (ASG), 2 December 1863, with

Amendment-1, 30 September 1871, Colors, Aercnautical Lights and
Lighting Equipinent, General Requirements For, Washington DC: U, S,
Government Printing Ofiice.
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SPECIFIC COLOR RECOMMENDATIONS
FOR CRT DISPLAYS

. Use no more than four colors
L Use red, green, and yellow to code alphanuimerics

. Use blue for large symbols or whers symbol
identification is not a problem

° Usa conventional coler code when sppropriate

®  Use white for peripheral signals

reason for adding saturation as another color dimension would be to increase

the number of color steps achievable with a particular display medium., i'or

o '
! )
| I Use of Saturation Difference in Color {oding--The preceding discussion of

i which colors to use on u display has been concerned entirely with differences

i in hue, The general recommendation would be to use hiphly saturated colors

,,\. (hues) to maximize the differences between colors. In some situations it may

K ‘ not be possible or desirable to use highly saturated colors alone. One meajor

[

I

|

example, if the designer had only a two-color display, it might be possible
to use saturation differences to produce more than two dgiscriminable steps in
the color code, A red-green display could then become a four-color display

! by yroducing a high and low saturation version of each color, Thus, red

[,

would become rec and pink, and green would Lecome light and dark green.

Saturation differences a:'e used to produce the many color variations on maps

and other printed (surface) color materials, [lue-saturation combinations

can provide a large number of diseriminable different values for the color code.




Caution should be taken tc ensure that the changes ln saturation do not
produce colors that are difficult to see under some viewing conditions. lligh
ambient {llumination on the surface of the diaplay will, itself, tend to
desaturate or wash out the color of a symbol. [f the symbol is already

desaturated its visibility may be seriously degraded,

If ambient lighting can be controlled in those situations where the display is
to be used, saturation level may provide a good method of increasing the
color code size, If lighting will vary widely, use saturation level change
only with caution. The visibility of desuturated colors under ull levels of

expected ambient lighting should be tested prior to use,

COLOR CODING PRINCIPLES

Benefits of Coler vs, Other Codes

COLOR CODING WILL BE HELPFUL IF

o  The display is unformatted
©  Symbo. density is high
©  Opaerator must search for relevant information

¢  Symbol legibility is degraded

®  Color code is 'ogically related to operator’s task

44
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When used appropriately, color coding can provide sigoificant performance

improvements compared to other codes. It is clear from the available
research literature that the relative effects of color coding are strongly

determined by the specific function being served by the code. Results

obtained from a number of code comparison stuclies:27 are shown in Table 7,
This table shiows that there are situations in which color is clearly superior
to other codes. It also shows that in some situations color is significantly
inferior as a code. One major factor that determines the relative merits

of color coding is the task performed by the operator.

TABLE 7. RANGLE OF PERCENT DIFFERENCLE SCORLES FOR
SEVERAL USES OF COLOR CODING
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Technical Report No. ONR-CR213-102-3, July 1975, 108 pp.




Results of two code comparison studiesw’ 28 demonstrate that color coding
is clearly superior to numbers, shapes, or letiters when the task involves
locating targets in a cluttered field of nontargets. Numeric coding is sup-
erior for identification tasks. Both the numeric and color codes are hene-
ficial in a counting task., The remazining tasks (comparing and verifying)

snowed no specific advantage for any of the codes.

An investigation of symbaol identification time for seven different codes

including numbers and colors was reporfed.z9 Nuineric coding was superior

to all others and color coding was the worst of the six. These results
demonstrate the fact that color ceding when used alone is a poor choice for
a task requiring identification, To provide performance benefits, color is
most effective as an aid in locating target symbols quickly., Its value is

attributable to the added discriminability provided by color.

2

28Christner, C.A. and H, W, Ray, ""An Evaluation of the Eftect of Selected

Combinations of Target and Background Coding on Map Reading Performance--

Experiment V, " Human Factors, 3, 1961, pp. 131-146.

9Alliusi. E.A. and P,F, Muller, Jr., "Verbal and Motor Responses to
Seven Symbolic Visual Codes: A study in S-R Compatibility, " Journal of
Experimental Psychology, 55, 1958, pp. 247-254.
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USE COLOR

®  To aid operator in ocating particular information

®  To draw attention to some specific place or symbol

USE ALPHANUMERICS

®  To convey specific status information

8  To identify specific targets

Color Used in Conjunction With Other Codes

USE MULTIDIMENSIONAL CODING
&  To convey specific information that cannot otherwise
ba conveyed

Tou increase the amount of information that can be

displayed

On any complex display a number of coding dimensions are typically com-
bined to convey specific information. The most frequently used codes are:
alphanumerics, shape, symbol orientation, symbol size, and symbol bright-
ness. Color can be used in combination with any of these codes to provide

additional information, or to make existing information easier to see or use.




If the particular color of a symbol is correlated with a value or values on
another dimension, then color is a redundant dimension. Full redundancy
occurs when this correlation is perfect, such that knowing the value on one
dimension completely determines the value on another dimension. If this
correlation is not perfect, as is the case when fewer values are used on one

of the two or more dimensions, then there is partial redundancy.

An example should help to clarify the meanings of full and partial redundancy.

A hypothetical digital readout has nine possible values it can assume, If
color were tully redundant with numeric value, then each of the nine digits
would be associated with one of nine different colors., Knowing the color of

the symbol would provide full knowledge of the numeric value and vice versa.

If, however, several numbers were associated with the same color, such
that for example the three lowest values were coded yellow, the threz middle
values green, and the three highest values red, then the color code would

be partialiy redundant with the numeric code. That is, knowing the symbol
color would give only partial information about its numeric value. Knowing
that the symbols displayed were green would indicate that the numeric value

was one of three intermediate values,

A third form of multiple coding involves use of two or more codes in a situa-

tion where each conveys unique inforination not contained in the other codes,

Such coding is nonredundant.

[P
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USE FULLY REDUNDANT CODING

To improve symbo! detsctability

To aid in discriminating among symbols
USE PARTIALLY REDUNDANT CODING

When information can be categorized at more than
one levei of spacificity

USE NON-REDUNDART MULT!FLE CODING

To increase the tota! number of identifiabie categoriss

Nonredundant Use of Multiple Codeg--Nenredundant coler coding can be
used to increase the number of symbols which can be absolutely identified
on a display. Several studiesé' 20 have reported improved ability to dis-

criminate among objects when size and colo: or size, color, and brightness

were combined in a single display than when any were used alonc

(See
Table 8.0)

Garner, W.R, and C,G, Creelman, "Lifect of Redundancy and Duration

on Absolute Judgments of Visual Stiznuli, " Journal of Kxperimental Psychol-
ogy, 67, 1964, pp. 168-172,




TABLE 8, DISCRIMINATION ACCURACY FCR THE THREE SINGLE
AND THE FOUR MULTIDIMENSIONAL SYMBOL CODES

Number of Absolutely
Symbol Code Discriminable Symbols
Size 7.19
Hue 8.45
Brightness 5.06
Size-Hue 11.90
Size-Brightness 7.89
Hue-Brightness 13.55
Size-Hue-Rrightnecs 17.28

Practical applications of nonredundant coding include, for example, the
coding of friendly and enemy 'targets'' on a map, sensor display, or air
traffic controller's display. Targets could be coded by color as either
friend or foe. Further distinctions as to target type (aircraft vs. land
vehicies) could be coded by shape. Specific targets within a type could
coded alphanumerically. Using such & system, alarge number of targets

could be uniquely coded in such a way that each is absolutely identifiable,

Use of Totally Redundant Codes--Symbeols may he difficult to discriminate

because the display is degraded by noise or poor luminance contrast, etc.,
or they may be difficult to locate because of clutter. In such situations color
may be used as a totally redundant dimension to improve symbol discrimina-
bility. Targets that can be defined on several dimensions are found more

quickly than when either dimension is used alone. Color and shape have
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been found to be the best comuined code. Other dimensions such as bright-

31, 32
ness and size were not as effective.

Use of Partially Redundant Codes~-When color is combined with, for example,
an alphanumeric code, such that groups of numbers or letters are similarly
colored and several groups are defined in teria:s of specific colors, then

color is a partially redundant dimension. Such coinbined coding is used to

provide relative status (using color) and spoecific status (using alphanumerics).
For exarnple, altitude could '¢ coded as high, in-tolersnce, or lew, using a
tihree-color code such as yellow, green, and red, respesviively., Actual, abso-
lute altitude would be given digitally. Depending upon present information
requirements, a quick glance at the display woul2 inform the pilot of the rela-
tive altitude as compared to plan, dpecific informuation wouid be avaiizble, iF
required, by the numeric value, Such multivle coding would be useful only in
situations where both general and specific status information are meaningful

at different times.

Redundancy May Not Always Aid Performance--In some situations, adding

a redundant dimension may interfere with the effective use of other codes.

{f the operator has a strategy for using alphenumeric information. for

example, and redundant color is added to the display, the colors aay either

31

Iricksen, C.W. and 1. W, Hake, "Multidimensional Stimulus Differences

and Accuracy of Discrimination, " Journal of Experimental Psychology,
50, 1055, pp. 153-150.

32

Saenz, N, E. and C.V. Riche, Jr., "Shape and Color as Dimensions of
a Visual Redundant Code, "' Human Factors, 16, 1974, pp. 308-313,
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provide no benefit or may interfere witn task performance. This effect

was reported in a Study33 in which the operator was to keep trach of the value
on each of a large array of digital readouts. Adding redundant colar did

not aid performance in any way. Substituting color for digits resulted in
poorer performance. When the strategv employed by operators was
examined, the reason for such results became clear, Single digital read-
outs were ''chunked' by operators into multidigii numbers. Coiors used
alone could not be easily chunked. Unless redundant cclor coding parmits
the use of a new and more effective strategy for information extraction, it
should be aveided or used conly if it provides other benefits such as increased

S)."D]b ()1 16 gib 1'5 i.t}’ .

Color as an Irrelevant Coding Dirmeasion

-

WHEN COLOR COGE ISIRRELEVANT
TO OPERATOR'S TASK

1]
7]
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®  Sinmijarly colored items may be visually grouped in
nonmeaningful or distracting ways . ..

#®  Coior can functionally become ““noise”

SN

I
I
n

3. . e y .
Kanarick, A.F, and o, C, Yetersen, "Redundant Color Coding and Keeping- g

Track Performance, "g_uman Facters, 13, 19071, pp. 143-188,




When the color of a dispiayed symbol has no direct bearing on the operator's
task, the color code can serve to distract the operator in performing that
task., ''Signal'' can be d(»::fined:g4 as those aspects of a display that aid the
operaior in lecating a target, ''Noise' can be defined as these aspects of a
display that detract from locating the target, Any irrelevant code becomes
noise, Following this analogy, irrelevant color in a muiticolor display adds
to the noise and reduces the signal-to-unoise ratio, The greater this noise,

the poorer the operator performance will be.

If operator information requirements were always the same, the pplication
of a color code would be relatively simple. A more typical problem occurs
when the task and the operator information requirements vary while the
display format remains constant, The result is that a code relevant for one
task may be irrelevant for another, Therefore, it would be advisable to
usc color coding (or any code) with caution and with a consideration of the
entire range oi display uses and applications planned for that display. To
be monimally effective a given color should ke related to the operator task,

and its presence should convey specific information.

Example of Relevant vs. Irrvelevant Color --An illustration of the distracting

¢ffect of {rr2levunt color is pruvided by the results of an experimental study

coaducted under this contract. A simulated set of VFA/VSTOL aircraft

3
4(‘.1‘9(.:;. B,.F, and L. K, Anderson, 'Color Coding in a Visuai Search Task, "
Journal of IXxperimental Psychology, &1, (1), 1956, pp. 19-24.
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3
cockpit displays (see Figure 21 for an illustration of achromatic formats 5)
were color coded in several ways and the effects of the different color codes

on performance were analyzed. The displays were static (projected slides)

-

and the operator's task was to detect out-of-tolerance conditions in any of the ‘

major parameters displayed. Therefore, the displays simulated cockpit

-———

displays and the operator's task simulated one important piloting function, A
; two-dimensional tracking task was added that varied in difficulty from low

to high, simulating another aspect of piloting an aircraft.

The displayed symbology was coded in each of the following ways:

1. Achromatic symbology--no color !

2. Three-color displays with color used to "group' simiiar
items (i.e., all scales green, all alphanumerics red,

other symbols yeliow)

3. Three-color display where color served no apparent
function (i.e., some scales were green, others yellow;

some alpnanumerics were green, others red. etc.)

ramn b AT .

- -3 M -
MuoOLsS ana scdles

<

4, Three-color display in which 21l 53
were green or yellow, Red was used solely to indicate an 1
out-of-iolerance condition., A symbol or indicator

would be displayed in red in such cages, rather than in

its "normal state' color i

35Linton., P.M., "VFA-V/STOIL Crew Loading Analysis, " Report No. '
NAD(C-75209-40, Crew Systems Department, Naval Air Development
Center, Warminster, PA, 15 May 1975,
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Given the operator's task in this experiment (detect out-of-tolerance
parameters), only the fourth coding scheme was task relevant. The second

and third color codes were irrelevant. Both the effects of relevant and of

irrelevant color were of interest,

The results of this study are shown in Figure 22, A combined score reflect-
ing both tracking accuracy and detection speed are shown for each of the
four color codes as u function of tracking task difficulty. As was seen in
Figure 21, when the task is easy (low workload), there is very little
difference among tae codes used. As the task became more difficult, how-
ever, the effect of the different codes is quite different, The color-as-cue
code is far superior to the others, The color-as-organizer code is no

different from tlie achromatic code. WNote that the

poy
D
O
o
J

tion in wihiich color
has no task-related function yields the worst performance, In this last

case, color served only as a distractor.

This example demonstrates two important principles;

1. If the operator's task is easy and/or the display is

uncluttered, color provides no performance benefits.

2. If the task ix difficult, color coding must bie approp-
riately related to the operator task to have value. If

it is not related, it can degrade performance by serving

as a distractor,

56
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COMBINED PERFOPMARCE SCORE

A aNCHROMATIC
&= meme o COLOR AS CUE
g —gg{OLOR AS ORGANIZER

& -~ - ULOLOR WITH NO MEANING

I {

1

Figure 22.

INCREAST [N TRACKING TASK DIFFICULTY —»

Relative Effects of Task Difficulty on
Performance of Simulated Piloting Tasks
as 2 Fuunction of Different Methods of

Color Coding

L]

TO MINIVIIZE EFFECTS OF IRRELEVANT CODING

Anatyza various ways in which information might be
grouped together for various tasks

if possible .- rolor coding as an aid for:
1} The most frequently used, cr
2)

Avoid use of colar that serves no definable task function

The most ditficult operator task




COLOR CODING IN HIGH DENSITY DISPLAYS

1) If target position is unknown, and

2)  Target color is known

) Increases search time: b

1
i
T ]
1
]

1)} ¥f target color is unknown

Effects of Displayed Symbol Density

Display density refers to the number of symbols on a display. When the l:
diyplay is unformatted to the extent that target position is unknown, the non-

target symbols serve as distractors. If symbols are similar (e.g., all \
alphanumerics) the operator may have to examine cach symbol to determine
whether or not it is a target. One stucly36 reported search times approxi- '1 J
mately equal to one fifth of the total number of symbcls. When color coding

was added, search times were reduced to one fifth of the number of alt. r-

natives of the target color.

\ 36

"v

Green, B.F,, W.J. McGill and H, M, Jenkins, 'The Time Required to
Search for Numbers on Large Visual Displays, ' Report No. 36. Lincoln
Laboratory, Massachucette Institute of Technology, August 1953, 15 pp.
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The relationship between accuracy of locating targeis and display density is

shown in Figure 23 for three viewing times.37 i

To be effective as a code, the coler of the target must be known., Without
this knowledge, multicolor displays may only distract from performance, !

This relatior:ship is shown in Figure 24:.34

In Figure 25, a comparison between color coding and several shape codes
is plotted as a function of symbol density‘.)8 The fewest counting errors
occurred using color coding, The relative superiority of color coding

becomes more prononnced as symbo® density increases, j

USE COL.OR CODING TO REDUCE
THE EFFECTS OF HiGH SYMBOL DENSITY

® By presenting functionally related items in the same
color, or

e By presenting “‘target’’ data in a unique, prespecified

color {s.g., warning light)

-~

e A e s o AT

37Dyer. W,.R. and R.J, Christman, '"Relative Influence of Time,
Complexity and Density on Utilization of Coded Large Scale Displays, "
RADC-TR-65-235, Rome Air Development Center, Rome, NY, AD 622-
786, September 1965,

38

Wolf, E, and M.J. Zigler, "Some Relationships ¢f Glare and Target
Perception, "' WADC-TR-59-394, USAF Wright Air Development Center,
Wright-Patterson Air Force Base, OH, AD 231-279, September 1959.
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Figure 25. Counting Errors as a Function of Display Density,
Comparing Cclor Coding With the Three Shape Codes

Coding of Multiple Display Sets

p——
Ay e

When the operator has not one but many color displays in a set, the principles
discussed carlier apply not only (o each display, but also to the set of dis-
plays as a whole. The designer should be aware that the displays interact

‘ ' in their effect on the operator. The entire set should be color coded in a

| coordinated, consistent way. That is, the meaning associated with a partic-

' ular color on one display should be consistent with its meaning across the
remaining displays in the set. For example, if red is used as a conventional
warning signal on one display, it should have a similar connotation whenever
it is used elsewhere. Coutlicting uses of color acrosgs displays will lead

to operat'or confusion and possibly to misinterpretation of the meaning con-

veyed by the color displayed. :

61
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Another consideration in designing multiple color coded displays is the use

of color to group velsted information appearing on scparate displays. Again

this principle is similar to the one discussed in the context of a single display.

Application of color to a multiple display situation may become clearer if

one views the set as one large display of mecderate to high symbol density

rather than several smaller individual displays of low symbol density.
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PART Il

APPLICATION OF COLOR PRINCIPLES
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SECTION IV

PART I1 INTRODUCTION AND OVERVIEW

The objective of Part IT is to extrapolate color coding principles developed
in Part I of this design guide to a particular design/operational setting as

an example of how these general principles may be applied, The application
addressed here is the color coding of electronic displays in fighter/attack
aircraft. An analysis framework is developed that assumes the point of view
of a display system designer contemplating the use of multicolor displays,
either in retrofit to an existing aircraft or as components of a new avionic
system under development, With this point of view, our main concerns

are (1) identification of design/coperational factors that may influence color
coding, and (2) definition of one or more recommended coding schemes for

subsequent use in evaluating display media and computational requirements.

Background information is provided on representative fighter /attack air-
craft displays and their use in realistic missjon scenarios. Design and
operational factors judged most relevant to display color coding are identi-
fied. These factors are classified into categories reflecting different
aspects of the system/operational problem typically faced by a designer
during planning and implementation of flight display systems. Issues
associated with these factors and principles and recommendations stated in
Part I are jointly reviewed to define tradeocfis in color application, Based

on these evaluations, color codes recommended for application to electronic

displays in fighter/attack aircraft are presented.




SECTION V

ELECTRONIC DISPLAYS IN
FIGHTER/ATTACK AIRCRAFT

Part 11 of this report addresses the application of color coding principles

to displays in fighter/attack aircraft, General background information on

representative dispiays and display concepts is presented in this section.

ATRCRAFT DISPLAY TRENDS

Task analysis and other descriptive data on the following three fighter/

attack aircraft were provided by the Navy in support of this study. These

aircraft are illustrative of the trend toward use of cockpit electronic dis-

plays to replace electromechanical indicators,

e Vought A-TE;: Upgraded version of an aircraft that has been

orerational since the late 1960's

®» Northrop/McDonnell Douglas F-18: Advanced aircraft under

development, expected to become operaticnal in the early 1980's

e VFA-V/STOL: Cenceptual design representative of the Navy

Type B V/STOL aircraft expected to become operation in the

1990's

Figure 26 shows the complement and general layout of electronic displays

in each afrcraft.

Panel displays primarily serving a single function (i.e.,
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radar and threat analyzer displays) are shown as circles, Head-up displays
and other panel displays indicated by squares .ypically serve multiple

functions or present a greater variety of information.

Llectronic displays in earlier alrcraft such as the A-7 tend to be single
fun~tion, b.t may have various mecdes tailored to provide information needed
in gpecific mission phases. For examrple, terrain avoidance, ground map,
alr-to-ground ranging, and terrain following are common radar display

modes.

From Figure 26 it is apparent that the number of electronic multifunction
divplays wili increase in advanced aircraft. The VFA (vertical fighter
attack) -+ V/STOL winstrument panel is representative of the Navy's advanced
integrated digplay system (AIDS) concept. Although the F-18 panel does
not contain an electroaic VSD and nanes assigned to other displeys diifer
somewhat, this panel implements many of the AIDS features, especially

in lay ".  and assirnment of dieplay functions,

ADVANCLD INTEGRATED DISPLAY SYSTEM

The AIDS concept will be emphasized here sirce it characterizes the
Jdirection of display system development for advanced Navy eircraft. This
ccncept encompasses a broad range of lechnologles including display media
and processors, data procezsing and bussing, and multifunction controls
{ntegrated to provide an improved crew/syster. information interface.

Because of the continuing development of AIDS forr various alrcraft and
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mission applications, 45,39,40,41, 42

a gingular set of system character-
istics has not yet been defined. However, general features of the AIDS '
concept that are relevant to application of display color coding can be

identified. These arc briefly described in the following paragraphs.

bt
i .' AIDS Display Complement
l
. p to sir electronic displays are being considered for integration into the
AIDS system.m‘ “ These are:
. e Head-up display (HUD)
£ 4
: e Helmet mounted display (IMD)
’ e Vertical situation disploy (VSD)
D e Horizontal situation display (HSD)

o Left and right situation advisory displays {LSAD and RSAD)
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'Advanced Display Technology: Advanced Integrated Moduiar insirumesn-
taticn System (AIMIS), "' Second Advanced Aircrew Display Symyposfun:,
) Naval Air Test Center, April 1975,

4
0"Advan(:cd Integrated Display System (AIDS), ' System Design Interim
° Report No. 3, Genersl Electric Co., October 1877,

41Dowd, C.A,, "F-14 Displays Growt!: for 1980's and Beyond, " Third Aii -
o to- Air Fire Control Review, U, S, Alr Force Academy, October 1977.
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| 4"Oaterman. L.O. and Mulley, W.G., 'Aavanced Integrated Display Tvstem

| (AIDS) for V/STOL Alrcrait, " AIAA/NASA Ames V/STOL Conference,
June 1977,
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Although the HMD was not initially considered a component of AIDS, *°

more recent sources indicate that this display may become an int- gral part

of the system.w' %2 The term "situation advisory display' is tiie name
more recently agsigned to the multipurpose dieplays shown in Figure 26, ‘ '
AIDS Concept Description I

Functions and forms of information presented on the above displays are
summarized in Table 9. The primary and secondary functions lizied ure

a ccmposite of AIDS concepts described in References 35, 38, znd 42,
Detailed examples of display information contents and formeats can he found
in thege sources. Figure 21, presented earlier in Part I, was adapted fron.
Reference 35 and {llustrates representative formats on all displays cxosii
the HMD., Forms of information presentation listed in Table 9 are <#fir.ed

for purposes of the present snalysis as:
€ Alphanumeric--letters and numbers
e Symbolic--emblematic 3ymbols and line segments

e Sensor video--imagery from sensors such ag radar, infrrored,

and television devices
e Projected mnap--map image rear-projected on displa s

e Direct view of outside woirld--portion of outside world viewed

through HUD or HMD optical combiner

Informatior: forms inciuded on the format exarmaples in rigure 21 are
alphanun:eric and symbolic elements on all displays, and sensor video on

the VSD. The following paragraphs further elaborate on general features

of the AIDS concept summarized in Table 9,
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Display Maliunctions--Assuming the full complement of six displays listed

in Table 9, each display has at least one backup in the event of a malfunction.
If a malfunction occurs, a second display must serve both its primary and
backup functions by either temporal or spatial sharing of display area., This
could pose a cifficult system design problem for applications where both
displays may be needed simuitaneously for successful mission performance,

To our knowledge this problem has not been fully resolved,

Other System Malfunctions--Engine malfunction and advisory information is

presented on the RSAD.39 The LSAD presents warning, caution, and

recommended course-of-action messages for maliunctinns in all aircraft

€ messages appear on the HUD, VSD, and HSD to cue the
pilot that malfunction and corrective-action information is being displayed

on the LSAD. Since the LSAD and RSAD are ilso used for other purposes,

display-when-needed and automatic prioritization techniques are applied to
present other migsion-related information only when required. Examples 1
are threat detection/classification and countermeasures activation data

displayed on the LSAD and HSD,

Cueing Messages--As with system malfunctions, discretes are presented

on the HUD and VSD to cue the pilot that a critical event (e.g., detected
threat) has occurred, and that related information is being displaved clse-
where (e,g., on the HED and 1.S4D),

Mission-Related Modes--Multiple pilot-selectable display modies containing

information and fcrmatting tallored to specific mission phases, weapon

types, or operating conditione arz characteristic of advanced electrenic
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display systems. Representative HUD forinats from Reference 39 are
shown as exampes in Figures 27 through 30. Other HUD formats not shown
in~lude bombing mode and boresight weapcn mode. The following generaliz-

ations can be made with these figures as examples:

e Computer-generated information is a mixture of alphanumerics and

symbology (e.g., all HUD formats),

¢ Computer-generated information may be mixed with sensor video
or direct view of outside world (e.g., all HUD formats, but not

shown in figures).

e The same display space may be used for dimensionally different
information presented in a similar form (e.g., altitude and closing-

rate tapes in Figures 28 and 29).

The above comments also apply to the HMD and in most instances to the
VSD and HSD,

Composite Presentations--It was previously indicated in T able 9 that as

many as four AIDS displays may be capable of depicting computer-generated
alphanumeric and symbolic information, and one or inore forms of more
complex imagery, Composite or superimposed presentations of various
information forms will be typical. The follov.ing pnssibilities exemplify

composite display presentations.

e HWD or HMD (day. good visibility)

-- Computer-generated information and direct outside view

e HUD or HIMD (night or limited wisikility) or VSD or HSD

-~ Computer-generated information and single or multisensor video
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e HSD
-- Computer-generated information and single or multisensor video

-- Compuer-generated information, sensor video, and projected maps ’

Under day concitions with good visibility, direct view of the outside world ‘
through an HMD or HUD combiner is an inherent component of the informa- g
tion contained "or." these displays. Under low visibility or night conditions,
compure: -generated and/or sensor video on a HUD or HMD produces a
digpiay that appears similar to the same information presented on panel
displer s such as VSD or HSP, Composite presentations of video from
muitiple ser.sors operating in ¢ifferent regions of the electromagnetic spec-
trun. are Lkely in fulure sysicms. Dssic requirements
display are comparable image scaling and accurate superposition of sceune
features in the composiie image. The HSD offers an additional option of
presenting ;. projected map image in conjunction with computer-generated

information and sensor video.

Display Meaiz and Image Generation

~ number of med. 1 and lmage-generation characteristics representative of

cur rent disprays are anticiyied to remain as characteristic of future

raulticoier meulz. . s X ne electronic displuys in the F-18 and current : ﬁ
AIDS voncep. ar e —etnoce-ray tubes (CRT&). The liquid-crystal medium

has been recomrnerndez fo~ w.e AIDS situation-advisory displays. 40 Alpia-

rumeric and symboilc i:nag s are stroge written on the ¥-18 £RTs, and

. 41 .
gen: or video is presentec using couventionsl raster-scun techniques, *
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- With AIDS, there is an increased trend toward use of in-raster alphanumeric

. and symbol generation.40 These information forms can be generated using
stroke-written, in-raster techniques, or az combination of the two. Figure
30 is an example of a stroke-written display. Figure 31 is an example 43 of
the combined stroke and raster technique as applied to the F-14 VSD. In
Figure 31, strolie writing is used to outline and improvse definition of the

in-raster vertical white line and square near display center.

Ambient Conditions of Use

The extreme range of ambient light conditions under which displayed infor-
mation must be legible in fighter/attack aircraft poses one of the most
severe challenges to display designers. Display-surface illumination from
direct sunlight can approach 110, 000 1umens/m2. If direct-viewed back-
ground of a HUD or HMD is snow illuminated by an overhead sun, luminance

of this background may exceed 34, 000 cd/mz.

At the opposite extreme are night operational conditions, where mission

3 -~ ]
LUl Ly

7

To don £4..1028
40 LW avliiiT

Ll

late detection of ta~gets. obstacles, and landmarks. Maximum display

2
bLzminance of less than 3.5 cd/m” is desirable under these condit.ons.

3 Elson, B.M,, "F-14 Uses Digital Display Method, "' Aviaiion Week and
Space Technology, July 20, 1870.
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SECTION VI

DISPLAY USAGE ANALYSIS

Pilot usage of cockpit electronic displays under representative mission
operational conditions is analyzed in this section. Analysis results com-
bined with the more general background information in Section V provide the

basis for evaluating color-application tradeoffs in Section VII.

Five mission segments are analyzed. A taxonomy of electronic display
usage in each mission segment 1s developed to illustrate the types of pilot
tasks and visual perceptual operations involved during use of these displays.
A display use-frequency analysis quantifies the number of operations per-
formed using the various aircraft electronic displays. Finally, a link
analysis identifies the transitions of visual attention between information

elements on electronic displays and other information sources,

MISSION SWGMENTS

The display usage analysis was completed for mission segments of the three

aircraft introduced in Section V, Task analysis data including pilot-workload

17




timelines were provided by the Navy for missions of the A-TE, 44 the

35

45,46 ,nd the VFA-V/STOL. Five mission segments involving

¥-18,
relatively high pllot workload were selected from the following mission

phases:

e A-7TE--Close=-air support (CAS) missijon; air-~to-ground attack phase
o F-18--Escort mission; ingress and medium-range-intercept (MRI)
phases

e VFA-V/STOL-~-Deck-launched intercept (DLI) and CAS mission;
target attack phases

High workload segments summarizcd below were chosen for the present
analysis because of the relatively frequent 1se of a variety of different

displays.

A-7 Ground Attack Se_;_gment

This segment begins with weapon delivery preparation including a 10-degree
right turn and a climb from 1500 to 3000 meters. A straight and level

44Klein. T.J., "Night Display--One-Man Aircraft Compotibility Analysis, "
Report No. 2-55800-OR-2806, LTV Aerospace Corp., May 1970,

45Asiala. C.F,, "F-18 Man/Machine Evaluation Techriques, " Presented at
the American Defense Preparedness Association avionics Section, Air
Armament Division, Air Force Systems Command, Wright-Patterson ATB,
Ohio, October 1976,

46 Astala; C.F, and Rosenmeyer, C.E,, "F-18 Human Engineering Task
Analysis Report, " Report No, MDC A4276, McDonnell Aircraft Co.,
St. Louis, MO, August 1976.




interval follows in which the pilot must locate and identify the intended
target anc prepare weapons for delivery. A one-half-g nose-over initiates
the delivery dive, during which the identified target is confirmed and the
orditance is released. The segment is completed by pulling out of the

delivery dive and performing an escape turn.

I’-13 Ingress and Intercept Segments

The scenario is that of four fighters escorting a small number of attack
aircraft on an interdiction mission. The F-18's prime mission is to protect
the attack aircraft from interception by enemy aircraft. Two mission seg-
ments were chosen: ingress, which is essentially the flight from the forward
edge of the battle area (FEBA); and medium-~-range intercept (MRI), an air-

to-air intercept of an enemy aircraft using the Sparrow missile.

The F-18 ingress segment of the fighter escort mission invoives maintaining
a weave maneuver over the strike aircraft group at constant altitude, noting

the group's position relative to the FEBA and the target, and keeping watch

for enemy threats (i.e., EW and SAMS). The F-18 MRI segment involves

The pilol musi

ed TalTaida

e
f

coordinate his attack on the target with hig wingman, compute and fly the
intercept, and launch Sparrow misgsiles. Finally the pilot must rejoin the

attack group and assume escort responsibilities once again.

VFA Ground and Alr Attack Segments

Close-air support includes support of friendly ground operations in close i

proximity to the enemy. The VFA CAS segment requires locating the
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appropriate battle area and communicating with a forward air controller,
then finding the target assigned. The aircraft uses IR senscrs and a laser
target designator system, and attacks the ground target once with rockets

and twice with guns., The VFA escapes from the battlefield a1 22 after evad-
ing a SAM.

The VFA DLl mission segment includes an air-tc-air intercept of a hostile
aircraft threatening to attack friendly forces, The pilot is given information
concerning the location of the target, but retains responsibility for locating

the target on radar and making the final intercept, The pilot flies the com-

mand intercept parameters and uses ECCM techniques. The scenario calls

for the launching of two missiles at the target, probably of the Sparrow type,
This is followed by an attack break and resttack maneuver culminating in
the launch of a Sidewinder missile, The mission segment is terminated upon

the pilot's verification of the enemy aircraft impact.

DISPLAY USAGE TAXONOMY

Taxonomies of elecironic display
combinations were defined at the following five levels:
1. Type of aircraft (i.e., A-7, F-18, VFA)

2, Segment of a particular mission (e.g., interdiction superscnic

dash, escort medium range intercept, deck-launched intercept)
3. Electronic displays available in the cockpit (e.g., HUD, HSD, VSD)

4, Pilots tasks required to successfully complete the mission seg-

ment (e, g., track target, maintain flight conditions, detect hostile

targets)

80
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5. Display elements employed and the pllot's use of display elemenis
in nccomplishing level 4, for example, in accomplishing specific
tasks (e.g., identify target and alrcraft symbol, observe discrep-

ancy between the two)

In general, the information necessary to complete levels 1 through 4 of the
taxonomy was provided by a crew task-analysis of a crew task time line for
a particular aircraft and missicn, Level 5 of the taxonomy was produced by
considering the perceptual requirements of the pilot to accomplish the tasks
classified in Level 4, Terminology used to describe the pilot's perceptual
requirements in Level 5 was taken from a classification of perceptual

processes developed by Berliner et al47 and subsequently revised by
48

Christensen and Mills Thesc terms, applied herc to characierize visual

perceptual operations by the pilot, are listed below with definitions devel-

oped for purposes of the present study.

e Detect-- To percelve the presence of some signal not previously

present and not actively sought,
e Inspect-- To peruse; to examine with attention and in detalil,

e Observe--To watch; to take note of,

7Berliuer. C.D., et al., "Behaviors, Measures, and Instruments for
Performance Ilvaluatien in Simulated Environments, ' Presented at
Symposium on Quantification of Ifuinan Performance, Albuquerque, NM,
August 1964,

4
8Christensen, J.M. and Mills, R.G., "What Does the Operator Do In
Complex Systems, ' Human Factors, Vol. 9, No. 4, 1067,
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8 Read--To take in the sense of alphanumerics or symbols,
e Receive--To assimilate passively.

@ Scan--To glance from point to point in search of particular

in.ormation.
® Survev--To examine the general condition or situation,
— ettt

e Discriminate -~-To perceive the difference between elements.

e Identify --To establish the distinguishing characteristics of

an element,

e Locate~--To determine the position of an elemert.

For example, according to the mutually exclusive definitions above, it was
determined that in the A-7 the functions of HUD for tracking the target would
entail identifying the target and the aircraft symbol and observi..g the dis-
crepancy between the two, In the F-18, on the other h:and, while monitoring
the redar display, the pilot must inspect the display for targ'ets. Thus,
fairly extensive knowledge of the cockpit design and the display formats as
well as the pilot's perceptual needs tc accomplish the tasks are required

for this level of analysis.

Results of the display usage taxonomy for the five aircraft/mission segment

combinations are illustrated in Figures 32 through 36.

The large majority of perceptual operations served by elect.'onic displays in

the A-7 CAS weapon delivery segment are asscciated with the HUD (see
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Figure 32), The reader is reminded that analysis data for this aircraft
were based on an A-7E equipped with a low-ligat-level television sensor

with sensor video presented on the HUD., )

Perceptual operations for the F-18 escort ingress segment (Figure 33) are |
fevrer and more evenly spread across displays than is the case during the
MRI segment (Figure 34). The F'-18 ingress is the only segment analyzed
that does not involve sorne form of target attack. Although the MRI segment
lasts three times as long as the ingress segment (190 vs, 60 seconds), the
greater number of different piloting tasks during MRI is indicative of higher
pilot workload in this segment. A number of features concerning the use of
from the diagrams, In ibe ingress
segment, the pilot's primary tasks are to assure that the aircraft is properly
configured to counter an enemy interceptor, to verify passing intoc hostile
territory, to keep watch for enemy threats of different types, and to main-
tain aircraft control. During the intercept segment the pilot is required to i

perform essentially the same tasks, in addition te finding, intercepting, and

destroying hostile aircraft, From Figure 34 it can be seen that these addi-
tional tasks demand that a great deal more information be presented, particu-
larly on the head-up and multifunction displays, than is necessary in the
ingress segment. The extra information requireraents are a direct result

of the additional pilot tasks,

In the ground attack segment of the VFA-V/STOL CAS mission (Figure 35), “
perceptual operations are distributed across the five electronic displays. in
the air attack segment, however, a relalively large number of operations

involve use of the RMPD while the VSD is not used at all {(see Figure 36).
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Comparison of similar mission segments across different a'rcraft types is [
also highly informative. For example, the VFA deck-launched intercept v
taxonomy in Figure 36 represents a mission similar to the F-18 MRI. The . i
VFA DLI differs from the F-18 MRI to the extent that the DLI is purely an +
intercept mission, the pilot being given certain information concerning the

target from a command center, The F-18 MRI pilot, meanwhile, is respon- {
si:"e fur finding targets as well as intercepting and destroying them. Given

this difference, the missions are largely the same once contact has been

made between each alrcraft and its target,

|
|
]
!
E
|

In Figures 34 and 36 it can be seen that the RMPD is called upon to provide i

inform::ion for a larger proportion of pilots' tasks in the VFA than is the
MFD in the F-18, even though the F~18's MFD generally serves the same - :
purposes as the VFA's RMPD. Judging from the more extensive use of the 1
HUD in the MRI than in the DLI segment, it is reasonable to conclude that

in the VFA the RMFD is an essential display and that the mission in this

aircraft is flown "head-down, " while the ¥-18 intercept miss.on relies more

on the HUD and is flown more with vision directed outside the cockpit. 1

DISPLAY USE FREQUENCY

The second part of this analysis involved determining the frequency with

which each of the visual perceptual operations is employed on each electronic
display and for each of three types of presentations: images of objects

(e, g., objects appearing on FLIR, radar); emblematic symbols (e, g., artificiai
horizon, aircraft symbol); or alphanumerics., With data from a task time line
or a crew-task analysis, it was assumed that 2ll the perceptual operations

in Level 5 of the taxonomy (within a task in Level 4) occur simultaneously
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and continuously with that task, Thus if data are available that describe a

pilot's tasks in Level 4, the same data apply to the associated perceptual

operations in Level 5.

Results of this analysis are summarized in Tables 10 through 14, These
tables serve to quantify information schematically illustrated in Figures
32 through 36.

Visual perceptual operations defined earlier appear along the left margin
of each table. The form of informatiun attended to by the pilot is indicated
for each perceptual operation, Abbreviations used are "obj' (objects

apvearing in sensor-video imagery or in a direct view of the outside world),

"symb'' (computer-generated emblematic symbols and line segments), and
"A/N" (alphanumerics). Following are definitions of other terms used in
Tables 10 through 14:

nl = Number of pilot tasks involving a particular perceptual operation
(e.g., inspect), information form (e.g., object), and display
(e.g., IUD),

n2 = Number of tasks involving a particular perceptual operation and

display.
n3 = Number of tasks involving a particular display.

N = Total number of tasks involving perceptual operations.

Although rows in these tables are additive, columns are not in many cases
since simultaneous perceptual operations are possible. As an example, in

“Table 10, note the value nl = 77 for both observe/symbology/IIUD and




TABLE 10. A-7 CLOSE AIR SUPPORT, DISPLAY USE FREQUENCY

Thrcoat

Hen Analyrzer | Radar Row Sum
obj 24 (7.7) 28 (7. T)
Inspect symb
AN
nz ZH (7. 26(7.7)
obj 14 (4.9 14 (3.0
OLserve svmb TR TT21.2)
AN
n a1 (25,1 91 (25.1)
abj
Read svmb
AN 116 (12 0) 116 (32.0)
n2 116 (32.0) 116 (32,0}
cbj
Scan svinh
A/N
n2
ohyj
Uiscriminate symb 77 (21,2 TN
AN
n2 TT(21.2) 77T (21.2)
obj 28 (7.1 28 (7.1
fdentify svmb 19 (4.1) 15 (4. 1)
AN
n2 43 (11.8) 43 (11.1%)
ohj
l.ocate symb 4.1 4(1.1)
AJN
na 4 (1.1 4 (1.1)
obsj 42 (11.4) 42 (11.6)
‘Total symhb T8 (21.58) 4 (1.1) 82 (12,6)
AIN 116 (32,0) 116 (32,0
13 246 (65,0 4(1.1) 240 (66. 1)
N = 3632
nl

12100(nl/NY = v

v
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TABLE 11,

F-18 INGRESS, DISPLAY USE FREQUENCY

Threat

Hy D Hsp MED MALD Analyzer | Row Sum

|)l1']

Inspect svinb S
AN
1t (.
obj

Observe ~yvinb 1 (2.wy 2(H,w) HEOE Tra
AWAN 2 (h.m
na 260 (2.9 Y (6.1 S T
\‘l‘_\

Read syl
AN | S 1 (2. S8
na (2,0 1 (2.m d (1105
ah) Poih, ) 2 (a4

Nuan svinh 1 (2.0 1 (2.
VIN
n.! D(h. ) 1¢2,) .
0!!_]

Discriminate symb 2Ly (o,
ATN
n? 2 (h.m) 2 (.Y
Ul!_]

ldentify svinh ¢ 1 (2.
AN
n.t I o2.wm 1 (2.
“l‘,!

lLovate svmb 1 (2o 12
AN 28, 25,0
n! (2. 2h,m 3 (R, 8)
oby) J(hau) 2L, )

Total symb Poqua) 1 (2. A (. T 6
AN RN A 1 (2.0 2(H,M 1 ¢, 6 (17.6)
ni 3 (h.w) 1 ¢ 4 (11,30 1 (2.49) §o(HL ) 12 (35, 3)

N 34
nl
100(nl /Ny -
95
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TABLE 12. F-18 MEDIUM RANGE INTERCEPT, DISPLAY USE FREQUENCY
r_ Threoat
Urn tHsh MED MAD Analyzery  Row Sum
ohj 14 (7. 14 (7.9
nspct svimb
AN
n2 11 (7. 14 (7.
ohj 1 (0.6)" 1 (0, 6) 2{1, 1
Observe symb 94 (54, 1) 1 (0, 6) us (3.7
AIN
n uh (3707 20,0 97 (541
oty
Read sy
AIN a1 (61, 9) 1(0.86) 1 (0.6} ud (52, 5)
nd 4l (51, 4) 1 (0, 6) 1{(0.6) 0y (52.6)
ohj
Sean syimb
A/N
n2
obj
Diseriminate  symb )94 (53.1) b4 (83. D)
AN
n2 ng (53, 1) 4 (H3.1)
obj 4 (2.1 4 42.3)
Identify symb 4 (2.3) 12,1 G(4.9)
AN
n2? 4 (2.3) 8 (4.0) 12 (6.8}
ob)
lLocate symb 1(0,6) 1(9.6)
AN
n2 1(0,€) 1(0,6)
obj 1 (0,6) 20 (11,1 21 (11,
Totul svmb | 08 (55, 4 5 (2. 8) 1(0,6) (104 (58,
AN ul (51,4 1(0,6) 1(0,6) ay (52, 5)
ni 98 (55, 1) 1(0,6) |25 (14.1) 1 (0,6} 1€0,6) D27 (7109
N =177
ni

100(n1 /N) =",

-
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. TARLE 13, VFA CLOSE AIR SUPPORT, DISPLAY USE FREQUENCY
HUD VSh RMPD 1LAIPD HSH Row Sum
obj 5 (3.3) 5 (3.3)
’ Inspect syvmb
AN
n2 5 13.3) 5 (3,3)
obj 3 (2.0) |19 (12.5) 22 (14.5)
Qbsere symb 15 (9,9) 9(5.9) 1(0.7 (5.3 33 (21.7)
A/N
) n? 15 (9.9 |10 (12,9 1.0 8609 43 (28.3)
obj
Read symb
A/N 12 (7.9) 9(5.9) |14 (9,2) 35 (23.0) !
n2 12 (7.9) 9(5.9) |14 (9.2) 35 (23, 0) '
¢
obj 3(2.0) 1(0.7) 4(2.6) ’
Kcan symb 14 (4,2) 14 (9,21
."\l/N
: n2 3 (2.0) 15 (9.9) 16 (11.8)
obj
Discriminate symb 12 (7,9) 12 (7.9)
A/N
n2 12 (7.9) 12 (7.9
’ obj
. Identify symb 24(2.0) 2 (1.3) 5 (3.3
A /N
.- n2 3(2,0) 2 (1,4 5 (1.3)
' i obj 3(2,0) 14 (2.2) 17 (11.2)
' .. Locate symb 9 (5,9) 10 (6.6) | 8 (5.3) 27 (17.8)
AN i
- n2 3(2.0) 14 (2.2) 10 (6, 6) B (5.3) 35 (23.0)
= obj 3(2.0) [24(15.8) 1(0,7) 24 (18.4)
. symb |15 (9.9) 9 (5.9) 13 (8.6) [22 (14.5) 5Y (34, 8)
Total AVN 12 (7.9) 9 (5,9 114 (9.2) 35 (23,0)
- e 15 (9.9) |24 (15.48) 9(5.9) {15 (2.9) |23 (15.1) 86 (56. 6)
N =152
nl
100 (n1/N) = @, 4
]
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TABLE 14, VFA DRCK LAUNCHED INTERCEPT, DISPLAY USE FREQUENCY
HUD vSsh RATPD LLMPD Hsh Row Sum
obj 5 (6. 1) 5 (6. 1)
Inspect symb
AN
n2 5 (6.1) 5 (6. 1)
obj 15 (18.3) 15 (18.3)
Qbserve symb 9 (11.0) - 1(1.2) 13 (15,0 123 (23, 0)
AN
n2 9 (11.0) 16 (19.5) 13 (15.0) |38 (46.3)
obj
Read symb
A/N 9 (11.0) 1(1.2) 3(3.7) 8 (9.8) |21 (25.6)
n2 9 (11.0) 1(1.2) 3(3.7) 8 (0.) |21 (25.6)
153
Scan symb 33.7 3(3.7)
AN 8 (9. 4) 80, 8)
n2 8 (0. 4) 3 (3.7) 11 (13,4
obj
Discriminate symb 8 (9. 8) 1(1.2} H(u.8) §1720.7)
AN
n2 8 (9.4) 1(1.2) g 0.8y 117 (20.7)
obj
Identify symb 1(1.2) 2 (2.4) 141.2) 4 (1.
AN
n2 1(1.2) 2(2.4) 1(1.2) 4 (4. 1)
obj
[Locate symb 5(6.1) 5 (6.3)
AN 1(1.2 1(1,2)
! n2 1(1.2) 5 (6.1) 6 (7.3)
i obj 20 (24.4) 20 (24.4)
? Total symb | 10 (12.2) 3 (3.7 4 (4.9) 5 (6.1) |22 (26.4)
: AN 9(11.0) 10 (12.2) 1.7 B (9, 8) |30 (36,6}
i
R ni 10 (12,2) 33 (40,2) 4 (4,0 13 (15.9) |60 {73.2)
|
5 N = 42
nt
100(n1/N) = %




discriminate/symbology /HUD. Seventy-seven tasks involved both observe

and discriminate operations on symbolic informati n presented on the HUD
display. This is only one instance of simultaneous perceptual operations in
Table 10. Therefore, the value nd = 236 is not the sum of n2 values in the

HUD display column.

The row sum of n3 represents the total number of tasks inveolving perceptual
operations on the A-7's electronic displays. The difference N - (row sum
n3) = 363 - 240 = 123 is the number of tasks in the mission segment involv-

ing perceptual operations not directed toward the A-T7's electronic displays.

All subsequent reference to pilot tasks will be to the N tasks included in this

analysis that involved visual perceptual operatiuns.

Analysis results on the A-7 in Table 10 are summarized below,

e The pilot made use of electronic displays during 100 (240/363) =
66.1 percent of the tasks,

e The HUD was used most frequently--on 65 percent of the tasks.

e Perceptual operations on information forms were primarily

observe and discriminate symbols (21.2 percent of the tasks)

and read alphanumerics (32 percent of the tasks).

The following summarizes results from the two F-18 mission segments

analyzed (Tables 11 and 12):

¢ Electronic displays were used on 35,3 percent of the tasks during
the ingress segment and 71. 8 percent of tie tagks during the MRI

segment,




e Most frequently used displays during ingress were MFD (11.8 per-
cent of the tasks), HUD (8.8 percent cf the tasks), and threat

i ibcn

analyzer (8.8 percent of the tasks).

e During MRI the most frequently used Jisplays were HUD (55.9 per-
cent of the tasks) and MFD (14.1 percent of the tasks).

o During ingress the most frequent perceptual operations on informa-

tion forms were observe symbols (14.7 percent of the tasks) and

! -~y
i

t read alphanumerics (11,8 percent of the tasks).

¢ During MRI the most frequent perceptual operations on informeation

forms were observ_g symbols (53,7 percent of the tasks), discrim@g:
ate symbols (53,1 percent of the tasks), and read alphanumerics ' i

(52.5 percent of the tasks).

¢ Each of the F-18's five electronic displays was used at least once

e

during both the ingress and MRI segments. ’ g

i Display use frequency data from the VFA-V/STOL analysis \Tables 13 and

14) are summarized below. !

e Electronic displays were used on 56.6 percent of the tasks during the

§ CAS segment and 73,2 percent of the tasks during the DLI segment,

e Most frequently used displays during CAS were the VSD (15, 8 percent
of the tasks), HSD (15.1 percent of the tasks), LMPD (9,9 percent
of the tasks), and HUD (9.9 percent of the tasks).

e During the DLI segment, displays most frequently used were the
BEMPD (40.2 percent of the tasks), HSD (15.9 percent of the tasks),
and the HUD (12.2 percent of the tasks).

100
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e During CAS the most frequent per .eptual cperations on information

forms were read alphanumerics (23 percent of the tasks), observe
symbols (21,7 percent of the tasks), locate symbols (17. 3 percent
of the tasks), observe objects (14.5 percent of the tasks), and locate

objects (11.2 percent of the tasks),

During DLI the most frequent perceptual operstions on information

forms were observe symbols (28 percent of the tasks), read alpha-

numerics (25.6 percent of the tasks), discriminate symbols (20,7

percent of the tasks), observe objects (18.3 percent of the tasks),

and scan alpharumerics (9.8 percent of the tasks).

With the exception of ihe VSD during deck-launched intercept, each

electronic display on the VFA was used at least four times during

both CAS and DLI segments,

This analysis also highlights other choracteristics of the various cockpits,

missions and displays. Results indicate that when inspect is a perceptual
omplished only on the RMPD or VSD as in the VFA and

!

F-18 missions, or oun the HUD when there is no MPD present, as in the

Read or observe operaticns on the other hand, for most missions,

A" 7a
T ables

occur on nearly all the displays at some time during the mission,

10 through 14 also indicate that three of the perceptual operations d:fined
Tnese are

earlier were not applied to characterize piict visual activities,
The operations receive and survey are appar-

detect, receive, and survey.
ently defined in terms too general to describe pilot visual activities typiczlly
Conversely, the definition of detect

included in published task analyses.



was formulated to be more restrictive than traditional definitions of this

*erm ir order to obtain a mutually exclusive category clearly distinet from

ingpect, discriminate, and identify. Our definition would apply to detection

of advisory messages, failures, or other contingencies--events of the type

not occurring in the scenarios analyzed,

LINK ANALYSIS

The third part of the display usage analysis was a link analysis accomplished
by examining a list of operator tasks for a mission segment and determin-
ing the order in which the displays are referenced in performing the mission

tasks.

A count was made of the number of transitions between any two electronic
displays, or between an electronic display and any 'cther" display /control
device, or between a specific electronic display and itself. A link is con-
sidered to be the visual transition from one display to another between tasks,
Of course, it is possible that the same task may have to be nccomplished
twice in a row, or the same display may be used several times in succession
crent tasks. Illher case would be an exampie
of a link between a display and itself, Finally, a proportion of links was
computed between each pair of displays relative to the total number of links

in a mission segment.

Results of this analysis are presented in Tables 15 through 17, Link analvsis
results are included only for the A-7 and VFA niission segments. Data on

i
the F-18 were in a form that precluded similar analyses on this aircraft. 34,45
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TABLE 15, A-7 CLOSE AIR SUPPORT, LINK ANALYSIS

———r

To Threat
From HUD Analyzer Radar Other
HUD 146% (40,3)xx| 2(0.6) 87 (24.0)
Threat
Analyzer 2 (0.6) 2 (0.6)
Radar
Other 87 (24.0) 2 (0.6) 34 (9.4)

*Number of links
**+Percentage of total links
(total links = 362)
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TABLE 16,

VFA CLOSE AIR SUPPORT, LINK ANALYSIS

pag——"—
f To
EUD vsh R P.Aeh HsD Other
From
Huen 1 (0,7 )x- G 2.0 vod, M
\Vish 210 14 (9. D) 1 (0,7) 1(0,7) G (4, 0)
BRAMPD B, 1.7
L.APD 10,7 11 (7. A 2.
HSD 4 (2.0 (S PR 13 (i,
Other 11 (7.9 to(d.0) S .M J 2. (U SN RETE K
®

Number of links

Poercentage of total links
{total links
I'd

=151
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TABLE 17.

R T

VFA DECK LAUNCHED INTERCEPT, LINK ANALYSIS

—
To
HUD vsSh RMPDR LMPD HSD Other

I'rom
D 1 (1.2):: 8 (9, ™ 1(1.2)
VsSh
RMPD 1(1.2) 20 (24.7) 1(1.2) 2 (2,5 8 (0.9)
I.MPD 2 (2.5) 1(1,2) 1(1.2)
HSD 8 (0.9 2(2.5) 3 (3.7)

Qther H19.9) 2 (2,5) 12 (14.8)
‘Number of links
“il'ercentage of total links

(total links = 81)
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Links arz defined here as transitions of vis.aal attention occurring between
tasks or display information elements. Since the link-analysis summary
tables indicate numker and percentage of transiticas between various areas
in the pilot's field of view, these data provide basic information on dynamics
of visual activity associated with performance of mission tasks. Links of

the following types are included:
¢ Between information elements on the same electronic display
¢ Between electronic displays

e Between electrenic displays and "'other' areas of visual attention

(e.g., from HUD to an electromechanical indicator or switch)

1]
td
0
o
]

ween

4\

reas of visual attention not involving electronie dicplays

i

(e.g., from one switch to ancother)

In the A-7 CAS mission, Table 15 shows that 40.3 percent of the links are
between information elements on the HUD and that 24 percent are from some
"other' (nonelectronic display) source to the I{[JD, Combined with the 0.6
percent of links from threat znalyzer to HUD, these figures sugpest that
about €5 percent of the tasks were performed using the HUD. This pro-
portion is consistent with the value n3 = 0,65, shown in Table 10 for the
HUD, Another way of interpreting these figures is to characterize the
percentage values as ftransition probabilities. If the pilot is accomplishing
a task by reference to the 1{UD, the probability that he used the HUD on the
previous task is abcut 0,40, and the pr obability that he will use this display
on the next task is the sume. The probatility that he will next use the HUD,

regardless of the display presently iu use, is 0.65.
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These values for the A-7 C4 ) are in sharp contrast to the corresponding
values for the VFA-CAS mission., For the VFA-CAS, it can be seen from
Table 15 that the probability of th. next task being accomplished on the HUD
(assuming that the present task empioys the HUD) is 0.007. The probability
that the next task is accomplished on the HUD, regardless of the present
task and display being employed, is only 0.01. It is of course true that the
VFA has several electronic displays to employ in presenting the same

information that the A-7 must present on the HUD,

Links between information elements on the same display tend to be concen-

trated on the VSD during the VFA CAS segment and on the RMPD during the
D11 segment.

Since the A-7 contains only one multipurpose electronic display (the {H1UD)
wnile the VFA - V/STOL contains five, a substantially greater number of
links to other points of attention could be anticipated in the A-7. This is
not the case, at least in the mission segments analyzed here, Links to
other points of attention accouat for 34, 43, and 27 percent of all links
during the A-7 CAS, VFA CAS, and VIFA DLI segmentgs

CONCLUSIONS OF DICPLAY USAGE ANALVYSIS

The following conclusions of the display usage analysis are considered most
relevant to the applic;ition of celor as a coding dimension on aircraft elec-
tronic displays. Although these conclusions are stated in generezl terms, it

is emphasized thai they are based on analysis of a limited sample of aircraft

types and missicn segments.
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For a given aircraft, the variety and form of information and per-
ceptual operations performed on this information can vary substan-

tially with mission segment (e.g., F-18; ingress and MRI segments).

Presentation of sensor imagery can be on either a head-up (combiner)
cr panel display. Displays depicting sensor imagery or direct-view
scene are typically the most frequently used electronic displays
(e.g., A-T's HUD; F-18's HUD and M¥D; VFA's IiUD, V8D, and
RMPD).

Perceptual operations on information ferms most ccmmon during
pilol tasks involving electronic displays are: observe symbols;
read alphanumerics; discriminate symbols; observe objects; locate

symbols; locate ohjects; scan alphanumerics,

Advisory messares, failures, and other contingencics did not occur
in scenarios analyzed. Iiad such events been included, the following
perceptual operations on information forms would become important

because of their critical nature: detect alphanumerics, detect symbols,

In general the various perceptual operations on information forms are
distributed across multifunction displays with no consistent trend

toward particular operations being performed on specific displays.

Visual transitions between information elements on the sume display

are as common, and in some instances more common, than transitions

between elecironic displays.

Primary displays (those used most frequently) can be either head-up
or panel-mounted. The display most frequently used is a function of
alrcraft type, information assign=d to a particular display, and infor-

mation requirements imposed by a particular mission,
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e Although each electronic display is obviously a critical display when
needed and viewed foveally when in use, in the general case a particu-
lar display should also be considered as a device viewed peripherally

most of the time.

The last conclusion listed above is an important qualifier of other conclusions
drawn from the snalysis of dicplay usage. Of the 13 electronic displays
included in this analysis of mission segments involving relatively high
perceptual-information workload, only two displays were used during more
than half of the pilot's tasks, The A-7 HUD had maximum use, in 65 per-

cent of the tasks during the CAS mission segment,

Only tasks having visual perceptual components were included in the analysis
(e.g., volce communication tasks were excluded). Of the 808 tasks included,

fully 3% percent did not use any of the 13 electronic displays.
Y M play
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SECTION VII

EVALUATION OF TRADEOFFS IN
COLOR APPLICATION

Based on background information and analyses in the two preceding sections,
general principles of display color coding developed in Part 1 are applied

in this section to the coding of electronic displays on fighter /attack air-
craft, Design and operational factors relevant to this area of application

are evaluated to identify recommended coding schemes and practical

necific recommendations are summar-

Al

consiraiiis on use

ized in Section VIIL.

EVALUATION FRAMEWORK

Consider the designer contemplating use of multicolor displays, either in
retrofit t2 an existing avionic system or as components of a new system
el A

\> A&

under development. A useful evaluation scheme sirould provide this

with a systematic means for answering the following gquestions:

e What factors should influence decisions concerning color

coding of display information?

¢ What are the recommended guidelines for application of

color coding associated with these factors?

Design and operational factors to consider in color coding aircraft displays
were identified from a review of findings in Part [ of this report and the

preceding Sections V and VI. Factors identified are listed below in five
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categories. These categories introduce an increasing number of factors
to consider as the system/operationa! problem addressed by the designer

becomes defined in greater detail.

1. Prescribed Requirements

e Applicable standards

2, Natural Environment

¢ Ambient lighting

e Vibration

- 3. System Concept

Display layout
Color generation capability

Combiner or panel display

Fatlure backup availability

»
e o

Display when needed

4. Intormatign Content

e I’ rimury functions

¢ Sccondary functions

5, Mission Operations

o Mix of informuation forms
e Perceptunl operations required

o Display use frequency

b A

e Mission modes

e I'ilot workload

.
. Implications of the above factors on display color coding are discussed
.. below. Designer: should review the following information, in the context
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of their specific application, to aid in evaluating relative merits of alternative

culor coding schemes. These coding schemes are summarized in Section VIII. L

Prescribed Requirements I

Applicable Standards ~-Military standard MII.-STD-14721 prescribes color l
codes for transilluminated displays such as indicator and legend lights. Al-

though the current standard for electronic flight displays (MIL-STD-884B)

does not prescribe color codes, future standards for electronic displays

are likely to include codes similar to those for indicator and legend lights,

Standardized codes for increasingly higher priority information are vellow,

red, and flashing red. These indicate ceutionary, danger or failure, and
emergency conditions, respectively. Other colors including green, white,
and blue are specified for coding less critical information such as in-

tolerance or nominal system status and advisory information. Of these

e

colors, green is preferable as a nonalerting color to contrast with red anu
yellow, White is more easily confused with yellow, and blue produces

poorer legibility of alphanumerics than either green or white,

Compliance with future color codes for aircraft electronic displays will be

mandatory where applicable, Continued use of red and yellow codes with
their present standardized meanings is most probable. As concluded in . |
Part I of this design guide, green iz the recommended additional color for
other display informatiun in a basic three-color code. Green piovides good . }
legibility of lower-priorily information while maintaining the attention-getting ]

value of red and yellow. 3




Naturar Environment

Ambient Lighting--Information on electronic displays in fighter/attack air-

craft must be clearly legible, and chromatic contrasts clearly discernible

under tae fuli range of natural illumination conditions. Under low ambient

conditions, acceptable luminance and chromatic contrasts must be maintained

while minimizing interference with visual dark adaptation.

Recomniendations are provided in Part I for luminance contrast ratio,
chromatic contrast (defined in terms of perceptibly different colors), mini-
mum luminance for color perception, character size and resolution, and
stroke width. These recommendations can most readily te applied to con-

ditions of 12w or moderate ambient lighting.

As ambient illumination approaches levels experienced in direct sunlight,
color saturation and luminance contrast on electronic displays tend tc
degrade. Extent of degradation varies with display medium as well as
apectr ol teansmittance or filter media in ambient-to-display and display-to-
eye light paths. In system development programs these effects should be
neasured for spoceific media under consideration to verify that luminance

and chromatic contrasts do not degrade below acceptable levels.

Under low ambient conditions, use of display colors other than red does not
have an appreciable effect on visual dark adaptation. Advantages of dark
adaptation fror red are relatively small and can be easily lost at minimum

levels of display illumination required for good l.egibility.,22
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Vibration- - Visual acuity can be reduced by aircraft vibrations conducted to
the crew member's eyes.?'2 Since adverse effects of vibration are a complex
function of vibration frequency and amplitude as well as seat and restraint
design, the most practical approach is to experimentally evaluate these
effects for thie specific vibration environment of a system under development,
The possibility of vibration causing degraded display legibility is greatest if
legibility is already marginal under static viewing conditions due, for exam-
ple, to use of minimal-sized blue characters viewed with high ambient
lighting.

In general, adverse effects of both high ambient lighting and vibration can
be reduced by avoiding use of the color blue on alphanumerics or symbols

whose shape code conveys most of the character's information.

System Concept

Display Layout--All the panel-mounted electronic displays in aircraft and

concepts discussed in Section V are located on the forward instrument

pancl within approximately 20 to 25 degrees of nominal line of sight. Lay-
outs of primary flight displays (HUD, VSD, and HSD) and other multifunction
displays (MPD, MFD, SAD, ete.) conform to formal standards for layout of
electroimechanical indicators, or informal standards that appear to be
evolving for advanced concepts such as AIDS, However, design constraints
on cockpits of future fighter/attack aircraft may dictate substantial changes
in display layout to accommodate smaller front panels and reclined seat
positions, Examples include relocation of MPDs to lower center console

or side console--locations that are both nonconventional and more peripheral.

Also, in concepts where displays serve as failure backups to each other,
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recovery from a failure is equivalent to revising the display (information)
layout., In a display failure mode, primary information aormally presented

in a central location may have to be displayed more peripherally.

Red and yellow in the three-color code described above are cues that high-
priority information is being displayed. The fact that peripheral color
sensitivity of the eye is greatest for white, yellow, and blue suggests that

a differen. scheme may be more suited to coding priority information on
peripherslly located displays. Differential coding in this manner is defin-
itely not recommended. Accepted and standardized meanings of red and
yellow dictate use of these colors to code priority information on all displays

regardless of their panel location. Consistency in application of coding

ruleg ig also a well-accepted human engineering practice tu minimize con-

fusion and response delay under high work load conditions.

Where peripheral detectability of priority color coded messages is in ques-
tion, use of a centrally located master annunciator is recommended to cue
the pilot that priovity information is being presented elsewhere, Color of
this indicator should be consistent with tha highest priority information being
displayed (i.e., red or yellow). Both the central annunciater and associated
display information would be coded flashing red in the event of an emergency

condition.

Color Generation Capability--System designers may in some instances be

required to use electronic displays with a mix of different color ge:..eration
capabilities, Certain displays may have only achromatic, single color, or
two- color capability. This constraint can develop in retrofit situations, or

because of cost, computational, space, or other design limitations.
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Tradeoffs concerning use of achromatic (black and white) displays and ’
various common colors of monochromatic displays are summarized below, " J

¢ Achromatic--~-good character legibility but white-level {

symbols and alphanumerics would reduce attention- D

getting value of yellow ~ '

® Monochromatic red or yellow--not recommended because
of conflict with standardized use of these colors on multi-

color displays

¢ Monochromatic green--recommended since green is predom-
inant color in previously described three-color code

for multi-color displays

® WMonocliromatic blue--good peripheral visibility but

character legibility is poorer than with other colors

Legibility of blue is improved as this color is desaturated toward white.
The extent to which blue can be desaturated for improved legibility without
introducing problems of discriminability between white and yellow is not

known,

Regardless of which colors are chosen for single and two-color displays,
the benefits of having unique colors to denote both caution and warning
(yellow and red) cannot be realized. If use of one or more displays with
limited color capability is required, the most practical solution may be to
selectively assign information requiring yellow and red coding only to dis-

plays that have at least three-color capability.
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Combiner or Panel Display--Background luminance and color on a panel

display can be controlled to a large extent by the designer, (On a combiner
display (HUD and HMD), background luminance and color are primarily a
function of the operating environment, The unique feature of a combiner

display is that uncontrolled luminance and chromatic characteristics of the

real-world background become part of the image seen on a HUD or HMD,

One difficulty that may be anticipated with multicolor combiner displays is
maintenance of chromatic contrast between yellow symbology or alphanum-
erics and real-world backgrounds such as snow or sand. Other examples

of minimal chrumatic contrast are green and blue display information viewed

against grass-covered areas and clear sky.

High levels of chromatic contrast between many common display colors and
natural back;~sunds cannot be anticipated under daytime conditions., Care-
ful selection of spectral transmittance and luminance contrast characteris-
tics is therefore necessary to insure good visibility of all information on

multicolor combiner displeys viewed against natural backgrounds.

Failure Backup Availability-- Advanced display systein concepts such as

AIDS have a sufficient number of displays to allow esch to have at least one
backup in the event of a displey failure (see Section V, Table 9). If one
display serves as a backup to another, prcblems in color coding may arise
from differences in color-generation capability (discussed above) or the
need to combine dissimilar information from two displays onto one, Use of
color to visually group related information was suggested in Part [ and has
potential application to backup-dis.iay coding in a failure mode. This

application would benefit from use of colors in addition to the recommended




three-color code to visually separate functionally different types of informa-

tion on a single display (e.g., flight systems versus stores management

information).

Blue is conditionally recommended for this purpose since it provides good
contrast with green, yellow, and red in the three-color code. If alphanum-
erics in the recoded information are of a size for which blue coding may
create legibility problems, viable alternatives to blvue are desaturated
orange or desaturated green., The latter would provide the least chromatic
contrast with other more-highly saturated green information, However,
color discriminability for this application is not considered as critical as
the information prioritizing function served by the green-yellow-red code,
Desaturated crange is less likely to interfere with the attention-getting

value of yellow and red than a more highly saturated orange color.

Additional applications of desaturated orange are discussed below, This
color is brown in appearance and, in Munsell terms, has a hue of 7.5 YR
and chroma of /4. Chromaticity coordirates in the CIE system range be-
tween (x = 0.47., v = 0.37) and x = 0.37, v = 0_36) for Munsell bright
values between 2/ and 8/, The color is attainable on a display device
having the capabllity for additive mixture of red, green, and blue colors at
CIE-standard wavelengths of approximately 700, 546, and 436 nm, respec-
tively, Although this can be approximuated on conventicnal three-gun CRT
displays over a range of luminance levels, similar capabilities of other

display media were not determined in this study.

Display When Needed--The display-when-needed philosophy is becoming

increasingly necessary in advanced systems to avoid excessive display
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information density or clutter. Certain critical system and mission events
(e.g., failures and threats) do not occur with sufficient frequency in the
tinie span of a mission to justify commitiing display space on a continuous -
basis. Wnen these events do occur, .nd related warning and advisory in-

formation is presented, quick pilot detection and response is required,

Discussions of preceding [actors have emphasized the need to apply red and
yellow colors onlv to the coding of high-priority information, and to avoid
use of other colore that may detract from the attention- getting value of
these priority codes. Use of a centrally-located master annunciator was
recommended to draw attention to appearance of priority information on a
display. Since these concept: are intended to minimize pilot delection and
response delays, thcy should be an effective means for improving pilot

performance in systems using the display-when-needed philosophy.

Information Content

Primary Functions- - Examples of primary ..nctions ot a display are to

present flight control, weapon delivery, stores management, or sensor
information. The list of primary functions in Table 9, Section V, indicates
types of mission-related information that may be presented on AIDS display .
For the most part, pruuaary functions of the same displays in curvent air-
craft are similar where the respective displays are included. Fach display
contains a subset of mission information that may be similar to, or totally

different from, information assigned to another display.
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Red and yellow priority coding applies to much of the display information ,
Assume for purpcses of

v

content associated with these primary functions.

digcussion that only the basic green-yellow-red code is used on all displays,

4 P o]
s a0 i

Under nominal mission-operational conditions, all display information
Fol-~

!
: associated with primary functions in Tuble 9 would be coded green.
l

lowing are examples of events that could cause yellow or red information

" to appear, either as newly displayed information (display when needed) or

due to change in value of previously displayed information.

e Flight control functicn 4

-~High angle of attack

-~Pullup cominand during terrain following

’ e Weapon delivery
--Airsveed, dive angle, or acceleration limnits

i --Pullup command during de'ivery dive

|

|

i e Engine status 1
; ' --Low uil quantity or pressure :
[
i
|

o System status
--Abnormal hydraulic pressure J

--Speed brake failure to retract ) j
]

® Stores management
--Failure of stores to release “
i

- - Asymmetric load limits

S S s
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e Tactical situation

--Known enemy air defense locations

e Threat analysis

--Threat bearing, range, and type

Color illustrations applying yellow and red codes to some of the above
information are presented in the next section. Ef{fectiveness of the use of
yellow and red codes for the above types of information is derived from the
same principles that justify use of advisory, caution, and warning lights

on conventional instrument panels. However, on conventional panels,
illuminaiion of a light typically cues the pilot that information is being
presented on an adjacent instrument or indicator. On multicolor electronic
displays the priority coding is applied direcily to the display information
itself.

Decisions concerning specific information parameters or variables to the
priority coded, and priority-code levels to be assigned to specific system/
operationual states, must be resolved during system development., For
instance, the numeric values of oil pressure associated with normal (green),
cantionary (yellow), or dangerous (red) states will vary with the engine
used. Asymmetric stores load information may 3astify priority coding

only under certain conditions (e.g., landing aporoach with degraded flight
control system or damaged control surfaces), Coding of threat information
could vary between green and flashing red depending on type, bearing, and
range of threat, as well as countermeasures and performance capability of

the fighter/attack weapon system bLeing developed.
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If a difficult operational situation develops and multiple out-of-tolerance -
conditions occur, sudden appearance of numerous yellow and red display . !

elements could further confuse the situation. The following approaches are -

v ———

recommended to alleviate this potential probiem: J

¢ Formulation and use of prioritization algorithms that 1limit

the number of display-element color changes to only the

two or three of highest priority. 1

f e Limited application of yellow and red coding to only caution

or warning messages, and to display elements representing

variables not under continuous pilot control (e. g., engine - '

\ g status and threat information).

| A potential application in addition to priority coding is the use of color to

'; distinguish between basic functional groupings such as flight contreol, weapon
delivery, und navigation information. General applicstion of color for this , ]
purpose is not recommended. The number of functional groupings is poten-

tially very large. Implicit in this fact is the need for a large number of . )

colors [other than red or yellow) to code different functional grou

~ colors (other thian red or yelow} to caode ditierent tunciional orou
|

i information. Most of these groupings also tend to share common informa-

win
i

tinn forms: namely, alphanumerics and symbols. If, for example, flight . ]

control informatlon on the HUD forma: shown earlier in Figure 29 were

L

ccded one color and the weapon delivery information another, colors of
range and range-rates tapes would differ from colors of speed and heading
tapes. Switching to a landing-mode format (see Figure 30) would produce

a change in colors appearing on the display as well as where varicus colors

appear on the display.

e bt e
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Although formulation of coding rules related to all functional groupings of
information would be difficult to define, limited use of color coding to
distinguish certain functional groupings from all others ic more practical.
Coding applications of this type are considered in the following two sub-

sections.

Secondary Functions--~If a display system concept is configured such that

each display has at least one hackup with equivalent coloi' generation
capability, color coding could aid in separating unrelated functional group-

ings on the backup display.

Assume, for example, that at sorme point in a mission, stores management
and engine status are presented on I.SAD and RSAD, rcspectively (see

Table 9). If the LSAD fails, the RSAD must serve its primary and secon-
dary functions by presenting both sets of information. Since display failures
are relatively rare events, pilot confusion (hat may otherwise result from the
"new'" RSAD combined format could he reduced by applying different color

codes to the two sets of informaution. An effective approach would be to

always apply the same color on all displays to denote secondary-function
information so the pilot can casily identify the functional grouping displaced
from a failed display.

Green is the recommended predominant color for display primary-function
information. Color slternatives recommended for secondary-function
information were described in thy subszection on Failure Backup Availability.
Op’ions include blue (if legibility is not a problem), desuturated green, and

desaturated orange.




Mission Operations

Mix of Information Forms--Information forms displayed in the AIDS con-

cept are listed in Table 9. Under some missjon conditions as many as four
information forms may be presented simultaneously. }or example, during
an enroute mission phase an HSD could reagonably depict a composite of
alphanumerics (range and bearing to next waypoint), symbols (route, way-
points, and cornpass), sensor video (weather radar returns), and a projected

map.

More typical is the combinstion of ¢nly alphanumerics and symbols, These
two information forms constit the formatted portions of electronic display
presentations. The pilot must ve able to quickly scan an array of dynamic
displays, (see Part I, Figure 21), and selectively attend to specific alpha-
numeric and symbolic elements necded for sysiem management or control,
This is especially true under high work load conditions such as the weapon
delivery segments analyzed in Section VI, Figures 35 and 36 indicate the
variety of display usage during the brief segments of VFA-V/STOL missions

analyzed,

Fewer electronic displays are involved during similar missions segments
with less advanced aircraft (see Figure 32), but comparable perceptual de-
mands can also occur within the confines of a single display, Under high
work load conditions, quick glances at display elements must frequently
suffice to obtain desired information (e, g., deviations from commandé mach

or closing rate shown in Figure 29), While attending to flight path commands




( 1 and 71T symbols in Figure 29), the pilot should be able to peripherally

ronitor other command deviations on the same display. Importance of such
perceptual demands is apparent from Table 15, where 40 percent of the
visual attention transitions analyzed during the A-7 segment were found to

be between information elements on the same display.

Assume again the green-yellow-red code as a baseline. Under nominal
system/operational conditions all alphanumerics and symbols would be
green. This may degrade the pilot's ability to selectively attend to infor-
mation elements during brief glances, Limited use of blue is recommended
to perceptually separate related or adjacent symbolic elements that may

otherwise be confused in a monochromatic presentation,

Examples of symbols for which blue coding could be beneficial are the
command symbols (>) located on HUD and VSD formats in Figures 21 and
27 through 30, Primary it "'ormation content of such svmbhols is associated
with their displayed position rather than shape code, For this reason, the
generally reduced legibility produced by blue should not cause a problem in

SEIOE JUDY SR I
InOSL sS1Iuar applicalioils,

The preceding discussion has addressed information forms that constitute
the formatted portion of an electronic display irnage, Other information
forms are direct view of outside world, sensor video, and projected maps.
These forms tend to have higher information density (information content
per uanit display urea), and are typically superimposed-on formatted infor -

mation to produce a composite irnage.
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Colors in real-world backgrounds viewed through HUD and HMD combineis
are influenced primarily by spectral transmission of ceatings applied to
combiner surfaces, With monochromatic displays, coatings are designed

to reflect a narrow band of wavelengths corregponding to the projected image
color., This produces maximum projected-image brightness, and has only
minimal affect on natural colors and luminance of outside scenes. Coating
design becomes a more complex problem with multicolor displays. The
combiner must effectively reflect ail colors of the projected display image.
Resulting reduction in transmission of similar colors from the cutside scene
may distort scene colors and reduce brightness of real-world objects (e.g.,
flares and landing lights). Thus, combiner spectral transmission and re-
flection are important design variables that must be considered during
development of a multicolor HUD or HMD,

Trojected maps and senscr video images are the two remaining high-density
information forms. These forms frequently have symbolic or alphanumeric
information superimposed or adjacently presented in a composite display
image, Applying the basic three-color code to the VSD in Figure 21, for
example, all computer-generated and sensor video information would be
green with various elements separated cnly by counirasting luminances and
shape ccdes. The desaturated orange color previously described under
Failure Backup Availability is recommended for coding map and sensor
images to improve separation and visibility of other superimposed informa-
tion. Desaturated green is a possiole alternative but would provide less
chromatic contrast., Blue is not recommended in this application because

perception of high~-resolution map and sensor information would be degraded.

— 1
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Projected maps used with tactical displays may have an established color
code already applied to distinguish between map detail features. If revision
of map color coding is not a design option, this constraint should be consid-
ered in selecting celors for superimposed computer-generated symbology

and alphanumerics.

Perceptual Operations Required--The display usage analysis in Section VI

indicated that perceptual operations defined as observe, read, discriminate,

locate, and scan were most common in the relatively high-wor«load mission

segments analyzed. The perceptual operation, detect, would also be a
critical but not frequently occurring visual activity. (Detect is defined in
Sectior: VI to include perception of informatiun not previously pregent or
actively sought; examples are detection of advisory messages, fallures,

and other contingency events),

Many of the color-codfng principles developed in Part I are applicable here
since the basic concern is with perception cf colored stimuli., Guidelines
from Part I have been discussed with regard to other design/operational
factors throughout most of this section. Elements of a 2oding scheme con-
sisting of three basic colors (red, yellow, and green), with optional
additional colors for information arouping and separation (blue, desaturated
orange, and desaturated green) have been recommended for use on aircraft
electronic displays. The following paragraphs review this coding scheme in
the context of perceptual operations commonly required in fighter/attack

aircraft.
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Two commonly required perceptual operations (observe and read) would be

influenced primarily by the legibility of digplayed information. The pre-
dominant color of alphanumerics and symbols in the recommended code is
green, While this color rates better than blue in terms of its effect on
character legibility, other colors including white, yellow, and red yleld
better legibility. A compromise is apparent since the predominant color
representing nominal system/operational states produces somewhat poorer
legibility, but the colors representing priority or critical states (yellow and
red) produce improved legibility. These differences also lend support to
the use of a color such as low-saturation orange (brown) to code sensor

and map information. This color is spectrally most similar to red, yellow,
and white; but because of its low saturation it 1s not likely to be confused

with yellow or red.

Three other common perceptual operations (scan, discriminate, and locate)

are concerned primarily with distinguishing one digplay information element
from another. These elements are typically symbols or alphanumeric
messages. The basic three-color code aids in distinguishing between these
elements only when elements represent different levels of priority or
criticality. Under nominal mission-operational condliiions, ail symbols and

alphanumerics would be green,

Limited use of blue rather than green coding on selected symbolic elements
provides a means for facilitating the three perceptual operations above. In

event of a display failure, scan and locate operations could be facilitated by

coding functional groupings of information on a backup display with blue,

desaturated orange, or desaturated green. Some discriminate operations
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involve distinction of symbols and alphanumerics superimposed on maps or
sengor video. In these instances, use of desaturated orange to code the
high density information forms provides a chromatic contrast to aid dis-

crimination of superimposed green elements.

The perceptual operation, detect, is the remaining operation discussed in
Section VI that warrants evaluation here. The process of 'detecting, " as
defined in this report, can only occur with a preceding change in some
system or operational state (e.g., appearance of a threat warning or oil

pressure warning message).

Detect operations are more likely to involve peripheral vision since infor-
mation associated with a staie ciiange may noi appear in the vicinity of
instantaneous line of sight, Since state changes are also likely to be assoc-
iated with priority information, peripheral visual sensitivity to yellow and
red is a relevant consideration. Peripheral perception of color in the
horizontal plane extends to about + 60 degrees for yellow and about + 30
degrees for red. The more limited peripherai sensitivity to red should be

sufficient for peripheral detection of cclor if a centrally locatad master

warning or cueing display is used.

For scan operations, peripheral limits of color perception are of less
relevance, Under the reasonable assumption that a pilot knows which dis-
play to observe in order to obtain the information desired, total subtended
angie of the area to be searched would be less than 20 degrees for an 18 cm
diagonal display viewed at a distance of 50 cm. Data in Part I indicate that
chromatic contrast contributes to substantially reduced search time on tasks

involving location of targets in unformatted images. Improved performance !
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can therefore be expected in scan operations requiring location of objects
in sensor videc or map images if the desired target object(s) can be color
coded. If pattern recognition or multiple-sensor techniques are available
for automatic classification of potential targets in sensor video, targets
should ke highlighted by a contrasting color to facilitate their location.
Similar coding of selected objects on rnap presentations would be possible
in a gystem having a computer-generated rather than projected map capa-
bility.

Yellow or red coding should be applied as contrasting colors if objects are
classified as priority information (e.g., known or suspected threats),

Coding of non-priority objects can be accomplished with other colors in-
cluded in the recommended coding scheme. If symbols are drawn around
non-priority objects to denote thelr presence, blue symbols would be adequate
on unformatted images of either green or desaturated orange color. If

areas of uniform color are placed over non-pricrity cbjects, use of green
high' ghting is recommended on desaturated orange images and desaturated

orange highlighting on green images.

Display Use Frequency--Analyses in Section VI indicated that display use

frequency varies with airci-aft, information assigned to displays, and mission
information requirements. A substantial percentage of visual tasks analyzed

(35 percent) ¢id not involve use of any electronic display. , *

Generally, display use frequency should not be a primary consideration in
color coding. Recommendations made previously under Display Layout

also apply here. Application of different codes, depentling on display use
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frequency, would violate a fundamental requirement for consistency in

application of a selected coding scheme to all displays.

Mission analyses for a system under development may indicate that one or

more electronic displays are used only infrequently during certain missions.
If this is the case, a centrally located master annunciator would become
increasingly important to cue the pilot to priority information appearing on

these displays.

Mission Modes--In addition to thelr multi-function capabilities, advanced

aircraft electronic displays have multiple modes with information content

and format tailored to meet varying mission-phase information require-

monte Fva
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illustrated in Figures 27 through 30. The number of modes and extent of
format cha~ge between modes may vary with aircraft, mission, and generic

display type (e.g., HUD vs. SAD).

The recommendation for consistency in applying a selected color coding
scheme to all displays also applies to all modes of a given display. During
the course of system development, a designer can initially select a coding
scheme based on factors discussed earlier in this section. As system
definition progresses and specific display formats for various mission
phases are defined, each format must be colored according to the selected
coding rules. The selected coding scheme should be frequently evaluated
during this process to determine if revisions in coding rules are required

to gain increased benefit from color as a coding dimension.
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Assume, for example, a case where the decigner initiaily selects a three-
color code (green, yellow, and red) as sufficient based on preliminary
definition of display formats., More detailed information analysis subsequent-
ly indicates that additional command symbols will be required on a HUD
weapon delivery format and missile launch envelope symbology will have to
be overlayed on VSD sensor imagery. These format changes suggest that
consideration be given to use of acdditional display colors. Possible options
are 1) blue coding of all command symbols on the HUD to perceptually
separate these symbols from other non-command elements, and 2) desat-
urated orange coding of VSD sensor imagery to provide a contrasting color
background for overlayed symbology. If the designer elects to use these

colors for the purposes indicated, the revised five-color code should be

applied to similar information on all formats.

Predominant colors appearing on a display may change during an operational
mission with progression from one mission phase to the next, or in response
to system/environmental contingency events. In the above example, blue
and desaturated orange colors would not appear unless information of the
type associated with these colors is displayed. Yellow and red colors

slied as recommended in this report would not appear unless priority

information justifying use of these colors is presented,

Pilot Workload--The display usage analyses in Section VI encompassed tact- - !
ical missicn segments imposing relatively high workload demands on the A
pilot. Under conditions of high workload, maximum efficiency in transfer
of display information to the pilot is essential. Quick detection of threats,
critical system failures, and other types of priority information are

essential regardless of pllot workload level,
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Color coding schemes developed in this section represent just one approach
to potentially improving speed and efficiency of display information transier.
Other more traditional techniques include use of indicator lights, buzzers,
and flash coding as well as careful attention to display layout, information
assignment, and formatting. Display color coding should be viewed as a
supplement to these other approaches for reducing perceptual workload or

improving pilot-system performance.

All the above techniques including display color coding are of greatest
potential benefit in helping to achieve prescribed system performance
capabilities under peak workload conditions and in event of system degrada-
tion or failure. These conditions and operating modes, as defined for a
particular system under development, should thercfore be the primary

basis for deciding which color coding scheme will be most useful.

Th~ basic three-color code (green, yellow, and red) may be sufficient in
systerns where pilot workload is not excessive. If peak workloal levels are
high, use of additional color codes desicribed ¢arlier under Mix of Informa-

tion Forms 1s recommended.
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SECTION VTII

SUMMARY OF CODING RECOMMENDATIONS
WITI SAMPLYE APPLICATIONS

The objective of Part II of this design guide has been to extrapolate princi-
ples developed in Part I to color coding of electronic displays in fighter/
attack airoraft. Design und operational factors relevant to this area of
application were evaluated in the preceding scction to identify recommended
coding schemes and practical constraints on the use of color coding. The
purpose of this section is to summarize these recommendations. Examgples

of coding schemes applied iv represcuainiive displuy

RECOMMENDED DISPLAY COLOR CODES

Recommended display colors end their agsoclated functions are summarized

ag follows:

e Green--The recommended predominant color for all display

information not assigned one of the other codes listed below.

¢ Y2low--Recvommended for moderate priority or cautionary

information, consigtent with standardized usuge of this color.

» Red--Recommended for higher priority information repres-

enting danger or threat conditions, also consistent with ]

gt-ndardized usuge of this color. (A third level of information
priority coding can be obtained through use of flaghing red for

er rency or highest priority information, )

134

y -




¢ Blue--Recommended as an alternative to green on selected

symbols to perceptually separate related or adjacent symbolic
elements that may otherwise be confused. Since blue contributes
to reduced legibility, blue coding should generaliy be limited

to symbols whose primary information content is derived from
symbol position rather than shape code (e.g., command or

tracking symbeols rather than alphanumerics).

. Desaturated Orange--Recommended as an alternative to green

for coding of sensor imagery or computer-generated map
informaticn. This color provides a chromatic contrast with
overlayed or adjacent symbology. An optional use of desat-
urated orange is to code information transferred from a falled

AL T e &
\* v

1O A

this indforimaiion from infor-

!

g
mation normally on the backup display.

° Desaturated Green--Recommended as an alternative to

desaturated orange for purposes indicated above., Provides
less contrast with more highly saturated green elements,

but generally improved contrast with yellow and red elements,

ALTERNATIVE CODING SCHEMES

Two basic alternatives arc recommended, with various options availuble for

the second aiternative,
The least complex is a lhree-color coding scheme censisting of green,

yellow, and red, These colors provide the minimum number necessary to

code display elements according to information priority. This coding scheme
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may be sufficient if peak information workloads impoued on the pilot are
not excesgive, It may also be the most practical alternative in cases whare
design constraints such as media or computational limitations musgt influence

code selection.

The second basic alternative is a more complex coding scheme, consisting
of the three preceding color codes plus one or more of the additional colors
recommended above, Number and functicnal assignment of these supple-
mentary color codes can be selected by the designer to meet specific gsystem
requirements and constraints. Use of these codes offers a means for
potentially improving efficiency of information transfer to the pilot under

high workload conditions.

Applicable Standards

Although current standurds for aircraft electronic displays do not specify
color code reguirements, siandardization can be anticipated in the future
as color display media become a more viable design option. Compliance
with upplicable standards will be mandatory if imposed by deslgn specifica-
tion. Functions of yellow and red codes recommended abuve are consigtent
wliu current standardized usage of these colors on indicator and legend
lights. As a minimum, extension of current standards for use of yellow

and red (and flashing red) on electro. .ic displays can be anticipated.
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Consistency in Color Code Application

Consistency in application of a selected coior coding scheme to all electronic
displays is a fundamental requirement to minimize pilot confusion and re-
sponse delay under high workload conditions. If a designer identifies am-~
biguities or other limitations ‘n assignment of codes selected, the coding
scheme should be revised to produce a set of coding rules which can 2

applied to all displays and display information formats,

Projected Maps

Projected maps may have an cstablished color code. If revision of map
coding is not a design option, this constraint should be considered in
selecting colors for superimposed computer-generated symbols and alpha-

numerics,

SAMPLE COLOR CODE APPLICATIONS

Electronic Displays

color coding schemes applied to
representative uircraft electronic display formats. Iliustrations zre based
on art work prepared for this report rather than photographs of cectual

displays. Although display element brightness and chromatic characteris-
tics are not accurately reproduced by this process, color code assignments

are apparent in the illustrations.
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Figure 37 depicts information representative of an A-7 HUD navigation and
terrain-following mode, The background image is terrain seen through the
transparent HUD combiner under daytime conditions. The recommended
three-color coding scheme is applied in the top illustration of Figure 37.
In the absence of the yellow "warning indicator' (denoting some cautionary
level of system status) and the red 'pullup command, " all display informa-
tion under nominal operating conditions would be monochromatic green.
Flash coding used on the A-7 pullup command symbol could be maintained
for increased attention-getiing value, The warning indicator shown in
yellow may also be coded red to communicate more critical levels of air-
craft systems status. The bottom illustrations in Figure 37 is shown in
monochromatic green for comparison with the color coded version,

I'-10 stores management display formats are shown in

Figure 38. These illustrations are intended to depict night viewing conditions
with only display information, push buttons, and controls around the display

periphery illuminated. Formats depicting information before and after

stores selection are illustrated at the top and bottom oi the figure, respective-

ly. Since the display elements constitute routine or non-priority informatica,
all dispiay information would be coded green if the three-color coding scheme
were to be applied. The coding scheme shown in Figure 38 includes use of
blue on all symbolic information to provide a chromatic contrast with green

alphanumeric information.

Figures 39, 40, and 41 illustrate coding variations applied to a complement
of five electronic displays representative of the AIDS concept. Yellow coded

information on the LMPD indicates that a cautionary level of hydraulic
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pressure exists, Higher priority information is also included in these
examples. Oil temperature on one engine has reached a warning level
(RMPD display) and a threat vecior is being presented on the HSD. Desat-
urated green and orange colors are applied to sensor imagery in Figures
39 and 40, respectively. Selected status and command elements in Figure
41 are coded blue to illustrate representative approaches to use of this

color for perceptual separation of related or adjacent symbols.

Electromechanical Displays

Part IT of this report has concentrated on color coding of electronic displays,
It is interesting to postulate how color codes recommended from the present
icht he extrapolated for use on conventional electromechanical
instruments. Figure 42 illustrates an approach using the green-yellow-red

coding scheme applied to a typical engine instrument.

Green bands indicating normal operating range are common on engine
instruments but not on flight instruments. These bands would be maintained
where applicable, as in the example shown. Pointer and scale markings are
coded green to maintain consistency with uge of this color on electronic
displays. Marginal or cautionary levels of the displayed parameter are
indicated by onset of an integral yellow light., uuoot of an integral red

light indicates that minimum or maximum values have been exceeded. Use
of other recommended codes such as blue and desaturated orange would be
of most potential benefit to provide chromatic contrast between elements on
more complex electromechanical displays, such as attitude-director and

horizontal-situation indicators.
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Advanced aircraft designs may include both electromechanical instruments
and multicolor electronic displays. If so, consideration should be given to
the feasibility of implementing a selected color code on all visual informeation

sources to achieve an overall consistency of functional color usage in the

cockpit,
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AFPENDIX A

DEFINITIONS OF TERMS AND CONCEFPTS

In this appendi~ the major terms and concepts used in the Color Displav
Design Guide are defined in greater detail, Other selected terms that are
reievant 1o nuran v.s.0n and 10 displays in general are included. Major

\ terris appear in alphabeticul order, The list below provides an index te

| the conteris of wnis appendix.

! Adaptatieon Noise '
I Aguitive color provess Fhosphor

Ame ot luminstion Redundarcy

Ayeim alogs color ‘Total redundancy

e Parilal redundancy
Brigitness

e . Resolution
LnrcTmaie

o s . Saturation
Chremasiaity disgram

- ) Self -iuminous color
C0dor coviny

- ~ Signal-to-noise ratio
| Contras: g ati

i CIMIT et e et Subtractive color process
[N } 1 P -TRRN M g

‘ Contrass officoenuy Surface color
ndAre vocavio .

* Target acquisition

1TOL Ay Detection

Dsnanarn waveteagis Location
Identification

Threshold (visual)

tHue

Teres Levant coor

X ) Visual aculty
LAV I L

Mups<21t yor natans n




Ty

Vietial angle
Visual sersitivity

FPoveal vision
Peripheral vision

Wavelength

Adaptation

The adjustinent to a new level of ambient illumination. When the illumination

is suddenly clhsnged, the eye requires a period of time to become maximally !
sensiiive o the now level, The greater the change in illumination, the
iwonger the adaptation time., Adaptation is typieally faster to a bright
environment thun i¢ o duerksr cne. A person going from a normally lighted
room to a light-tizht durX rocre may require up to 40 minutes to adapt
cuntpletely. fhe reverse —nay reguire about ten minutes, 1ln practice
such extremes seldon. oy and adaptation to a dark environment may w

take as litie as five to ten minutes depending on the difference in lighting,

Light provided ;n the worsxan, z-ez ¢r rrom an external source such as the
sun, Aravient illwanination affe: s botl: the adaptation of the eye and the
symbol to background ccicra: v or 1o display.  Light stiniog on o display
surface will smin with botn syris ard ground,  he result will be a lower

contrast, High ambient illuinl auvan _an produce display washout (i.e., the

gsvinbole can no longer e scen).
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Additive Color Process

When the additive primaries red, green, and blue are combined, the
radiant energy spectral distribution is the sum of the distributions of the
three primaries. Color television is an example of color produced by

the additive process,

Aromalous Color

A color perception that is markedly different from the physical stimulus.
For example, if yellow is seen at the boundary between a red and green
strip when no yellow is actually present, the perceived yellow would be
anomalous (i.e,, out of correspondence with the physical rature of the

area in question),

Brightness

Although this term is often used interchangeably with lightness or lumi-
nance, technically (in visual terms) it more accuraticly iefers to a subjective
impression of relative luminance. That is, a symbol of fixed luminance

will appear "brighter" on a dark background than on one whose luminance

is very similar to the reference symbol (e.g., a white symbol on a black

vs, a light gray background), Thus, brightness judgments are influenced

by both contrast and absolute luminance,




Chromaticity

The color quality of light as defined by chromaticity coordinates of the
Commiss. 1 Internationale de 1! Eclairage (CIE) color coordinate system.
The CIE diagram represents an attempt to specify the various parts of the
color spectrum in terms of three primary colors: red, green, and blue,
These tristimulus specifications were obtained using the data from a large
number of ob-.:rvers and are expressed in terms of three primuary compo-
nents: x (ved), Y (green), and Z (blue). Any color in the visible spectrum

can be obtained from an appropriate mixture of these three,

Shown in Figure A-1, the chromaticity diagram is a system in which all
colors possible with real stimuli are represented within the bounds of the
solid outer line. 7The axes X and Y are called chromaticity coordinates

and are defined as follows:
x = X/(X+Y+2)
where X, Y, and Z represent particular proportions of :A-T, ?, and _Z—,
respectively. Similarly,
y = Y/(X+Y+ Z)
Since X + Y + Z = 1, knowing the value of any two (usually X and Y) deter-

mines the value of the third, Thus, using chromaticitv coordinates, we

have the relative proportions of each of the primaries required to generate

any color,

o
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In Figure A-2, common ¢olor names have been assigned to areas within the
diagram. Note that the area represented by ditfferent color names is far
from equal. A practical result of this is that certain colors (e, g., yellow)
must be more rigidly specified and controlled, for display purposes, than
others (e.g., green) to avoid color confusion, It also suggests that adjacent
color names (color areas) should not be used on the same display to avoid

possible confusion,

The central, partial ellipse around point E in Figure A-2 represents a
"colorless' area, which is seen as shades of white to gray. These data

were obtained using self-luminous light on a dark background,

Color

The characteristic appearance of an object or signal to which the common
labels red, green, blue, etc. are assigned. Color has three dimensions:
hue, saturation, and brightness, (See Figure A-3 and definitions for each
of these terms,) Color is not a property of the object or nf physical energy

but refers to the perceptual experience of the human observer,

Color Coding

Use of color to convey information on a visual display, Iach particular
colov represents a value on some information dimension, Color coding
may be used alone or in conjunction with another dimension such as shape,

Most {actors governing the effective application of color to coding apply to

other codes,
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Conirast (Luminance)

A measure of the relationship between the luminance of a symbol and its

e

o Y T )
ML Cn., mewunous ol

o~
fsl

immediate surround or backg ‘ound. A vurlely of
expressing luminance contrast are reported in the literature, It is impor-

tant to determine which type of calculation is being used when interpreting

A

these results or in evaluatirg ycur own display data, Several of the most

common calculatiors are presented below,

Contrast (Percent)--Ratio of the difference between target and background

luminance. Percent contrast may Le defined as follows:
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where
I'o = object lominance
I‘b = background luminance
‘I,O- Lb\ = absolute value of the difference between cbject and background

luminance

For objecls darker than their background, contirast can vary between zero
and 100 percent, Ior objects brighter than their background, percent

contrast can vary from zero to infinity.

Contrast Efficiency--Another measure of contrast, defined as the ratio of

the sum of the background luminance and symbol luminance and their

difference
. I_“Max ) I’Min
L, + I,
Max Min
where
LMax = the higher of the two luminances (symbol or background)
)., = the lower of the two luminances
Min

This measure has also been called modulation, contrast sensitivity, and

R , 1
visibility ratio,” Ii can assume values beiween zero and nae,

1Meister, D. and D,J. Sullivan, "Guide to Human Engineering Design for
Visual Digplays,' Contract No. N00014-68-C-0278, Lngineering Psycholo, y
Branch, Office of Naval Research, Washington, DC, AD 693-237, 1969,
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Contrast Ratio~-This term has been used in at least two vays,

One is the
simple ratio of one luminance to another:

I.

. ) 1
I.uminance ratio = —

i,

&

We will refer to this as the luminance rativ (ILR) for the sake of clarity,
A more common expression of contrast ratio is the following:
I

Z - 1.
daXx 1i
CR = Max AMin

LI\I]’ 1

Contrast ratio for CRT displays is a special case where the symbel is

usually brighter than the surround,

To compute this contrast, a frequently
3]

used cquation® that takes ambient light into account is

..+ L,
c = 8 W
T L,
S
where
LS = luminance of the symbol measured in ambient illumination
Lw = gercon luminance with amoient laght excluded

Maximum contrast on CRT displays is typically about 2 to 1 (C = 90

1
percent),

sz‘yden, J.E., "Design Considerations for Computer-Driven CRT Displays, "

Computer Design, March 1969, pp. 38-46.
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Display
Any device or medium used to convey information to an operator., A visual

display could be as simple as a digital readouvt or a meter, or as complex

as a battlefield map or sensor imagery on a CRT,

Dominant Wavelength

A term used to describe the subjective appcarance of a color mixture,
Using the chromaticity diagram (see Figure A-4), a line is drawn between
the color expressed in ¥X,Y coordinates and illuminant C. When this line
is extended to the outer rir of the diagram, the wavelength at which it
intersects will indicate its -olor avpearance. The distance along the line
drawn between illuminant C and the outer rim at which the plotted color
appears indicates its purity. Thus, a point three-guarters of the way up

. . - 3
the line would have a purity of 75 percent,
due
The attritute of a color to which commonly used labels such as red, green,

or blue are assigned. The color label assigned to an object or signal

usually corresponds to its dominant wavelength,

3
Geldard, F,A,, The Human Senses, Second Edition. New York: Wiley,
1972,




Figure A-4. Dominant Wavelength and Purity (Saturation)
Defined on Chromaticity Diagram




Irrelevant Color

Color added to a display that has no task-related meaning (i. e., conveys
no information), 1t the task changes, an irrelevant color might become
relevant, Color that is irrelevant to a task may have either a neutral
ctffeet on operator performance or it may be distracting, producing

performance decrement,
lT.uminance

The amount of light emitted from a display surface or the luminous intensity
ot ag viewed by an obgerver, Many different units have been
used to quantify luminance, The currently acceptable measure is candelas
per square meter (o.d/mg). In Table A-1, conversion factors are provided
for commonly used units.-l Tne subjective measure of luminance is bright-

ness, PPigure A-5 provides some common luminance values.

Munsell Color Notation

There are several prominent systems of notation used for specifying a
particular color, One of the best known is the Muasell color system, In
this system, a color notation is obtained by matching a test patch against

a series of paint chips., rtlach col:r chip is specified by three alphanumeric

Bioastronautics Data Book., Washington, DDC: National Aeronautiecs and
Space Administration, SP-3006,
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— UPPER LIMIT OF VISUAL TOLERANCE
100000 —
5 10000 —f-. NEW SNOW ON CLTAR DAY OR UPPER SURFACE OF CLOUDS AT NOON
E — AVERAGE SKY ON HAZY DAY A1 NOON
A - AVERAGE SKY ON CLEAR DAY N
E 1000 —}— AVERAGE EARTH ON CLEAR DAY S
] -— AVERAGE SKY ON CLOUDY DAY o
[as] & =
z 100 —}— AVERAGE £EARTH OK: CLOUDY DAY o2
- v Q
b — WHITE PAGE IN GOOD READING LIGHT >3
= — 20
: 10 g9
; 5 2
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z
< &
z 01 — 2
2 " Tl AVERAGE CHART AT LOWEST READABLE LUMINANCE l
- a
o on _p—SNOWINFuLLMOON 1
-
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% 0001 - AVERAGE EARTHIN FULL MOON VISION
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a.
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6.00001 __{L—- GREFN GRASS IN STARLIGHT
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NOTE: 1 FOOT-LAMBERT = 1.0764 MILLILAMBERT

Figure A-5. Some Common Luminance Values
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terms correspoading to hue, lightness, and saturation,  The Munsell terms
L
for these dimensions are hue, value, and chroma, respectively,  Figure A-6 l
R
R . ) .
show:s the elements of the Munsell svstem notation,” The Munsel system
{s used primarily for specifving surtace colors, ! j
]
‘ Noise l
1 1
In eclectronic displays, naise is defined in terts of unwanted interforence

with the presentation of the signal produced by graininess or electrical

interference in TV svsteins,  The magnitude of the noise relative to the

signal at any point is expressed for the entire display by the signal-to-noise

“ativ, i
i
A Tess traditional definition of noise in a symbolic or alphanumeric displaxy
considers all irrelevant symbols as display clutter or noise,  What is
relevant (the signal) will vary according to the present information require-
ments of the user,  An ideal display would contair enly the information !
required and thus be "noise-free, !
Phosphors ;
1
|
An inorganic material exhibiting a nonthernial emission of electromagnetic 3

radiation upon exc: ation, Phosnhors used tor sereens of CRTs have two
important characteristics: color and persistence,  These characteristics

~

[ . N 1 . . .
Farrell, R,J, and J,M, Dooth, "Design Handbook tor Imagery Interpretation

Fquipment, ' Boeing Aerospace Company, December 1975,
quit ’ § pany,
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are used to define the phosphor. Phosphor persistence is an immportant con-
sideration in color selection since, if it is too brief, the dierlay may exhibit
flicker. If phosphor persigtence is too long, it could interfere with the B}
subsequent presentation of other colors in the same area. In Figure A-_'I,
critical flicker fusion frequency (CFF) cr phosphor refresh rate at which no
flicker is seen is shown for some common phosphors.2 In that figure the

relationship between refresh rate and display luminance is shown,

45
40
35

REFRESH RATE (Hz)
~>
[Sa]
|

20 |-
1 5 - ] -
10 8909 P19

3.4 34 340

LUMINANCE (cd/m?)

Figure A-7. Critical Flicker Fusion Frequeucy or Phosphor
Refresh Rate at Which No Flicker is Seen is
Shown for Sorme Common Phospliors
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R cdundan}l’

The repetition of !aformation provided in one code by another code. Values
on the two codes are correlated with each other., Redundancy can be total

or partial.

T'otal Redundancy--A perfect correlation between values on two or morce

codes. Knowing the value on one code provides complete information
about the value of another code, For example, by knowing that all circles
are red and all squares are green, if a given object Is a circle, its color

(red) will also be known,

Partial Redundancy--A correlation between values on two coding dimen-

sions in which only limited overlap occurs., Knowing the valuc on one
code does not complelely determine the value on another, For example,
a digital readout may be color-coded as red = high, green = medium, and
yvellow = low. Knowing the color of the rc wdout will speciiy a range of

numbers but not the exact numerical value,

Resolution

In a CRT'-typc display, resolution is defined in terms of the number of
line-spuace pairs that can be seen per unit lincar dimension. In IFigure
A-8, a standard resolulion target is shown, 1 Patterns of this general
type arc used to measure the resolving capabilily of optical systems.
Television systems are generally designed to have equal horizental and
vertical resolution, Vertjcal resolution for an interlaced TV system

equals the nuraber of active lines per frame times 0.7. In normal room
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Figure A-8. Standard Reselution Target

light the average eye can discriminate 40 parallel lines alteranting black

and white (i.e., 80 TV lines) per degrec of arc,

Saturation

The relative purity of a color defined in terms of its departure from a
white or gray of the same lightness., For example, the two colors labeled
pink and red have approximately the same hue but the red would be highly
saturated and the pink would be low in saturation or desaturated. Zero

saturation colors arc black, gruy and white, (Sce Figures A-3 and A-4.)
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Self-Luminous Color

Typified by a color CR'T, the color sensation is not produced by reflected,
ambiznt {Jlumination; the symbo! itself is the light source. On a CRT,
different colors are produced by using differeat phosphors. Because of its
lack of dependence on reflected light, a self-luminous color display can
be viewed over a wider range of ambient illumination than can a surface
color display. At high levels of illumination, however, colors may not

be visible because of reduced contrast, Color of ambient illumination

has less effect on self-luminous displays than on surface colors.

Signal~To-Nuisc Ratio

Typically defined as the relationship between signal magnitude and noise.
Noise is usually thought of as anything that is displayed that is nct part

of the signal and thus contains no information. In projected displays

such as TV, graininess or electrical interference is present in every
frame. The signal-to-noise ratio (SNR) for such systems can be quantified
and compared to desired vaiues., An SNR of 46:1 is considered gooad
quality for television systems. The SNR reguired depends on the object to
be detected: a bar-type resolution pattern requires an SNR of 3:1 to be

visible, 1

Subtractive Color Process

Color achieved by mixing dyes or pigments that selectively absorb the
radiant energy in a portion of the visible spectrum. Color photographs

and various other surface colors arc achicved by this process.

-B—kmumd




Surface Calors

As the term implies, surface colors are an integral part of the object
(examples include photographs, printed maps, decals, paint). Color is
determined by light reflected off the surface of that object,  Any surface
absorbs certain wavelengths of the light shining on it and reflects others.

The one(s) reflected determine(s) the pcrceived color. Ior example, if

white light is directed at an object and the object absorbs all but the longest
wavelengths that it reflects, the object will be seen as red, The appearance of
a surface color may vary drastically if the color of the ambient illumina-

tion is changed, Surface colors arve seen only at moderate to high ambient
illumination in the photopic range (sce Figure A-5). Below this range,

objects appear colorless or as shades of gray.

Target Acquisition

A general term us d to describe the process of searching for and/or
labeling a target, 'The following subtasks may or may not all be part of

this process depending on the situation:

Detection--Determining that a given signal or tavget is present when its

onset or occurrence is either not expected or is uncertain,

Location-~Determining the position of a target in an informatted display

or among randomly positioncd nen-tarvgetl objects.
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Identification-~-Labeling a symbol or shape by a name that has task-related

meaning or determining the status of come variable by reading and inter-

preting a coded message,

ﬂxreshold {(Visual)

A measurc of maximum sensitivity to a stimulus. For example, the lowest
luminance at which a small spot of light can be seen is the luminance
threshold. Usually a threshold value is reported at the point where the
stimulus is seen 50 percent of all the times it is presented, unless another
percentage value is specified. In adapting such data to operational systems,

cavre should be taken to revise the threshold value upward to permit 99 to

100 percent detectability under typical operational viewing conditions., If
the standard deviation (SD) is given, the 50 p=rcent threshold value should

be increased by at least three SDs.

Visual Acuity

s o P e S P
1IlC JI1inliiuiil ue

h the human eye. This absolute threshold
will vary depending upon such factors as signal luminance, contrast,

signal duration, and, to a more limited extent, sigral hue or wavelength.

Acuity is measured in a variety of ways. One common device is the

Landolt Ring shown in Figure A-9, The Landceit Ring has a break in it

at one of four possible locations. The observer indicates where the

break is (top, bottom, left, or right). The smallest cpening that can be

detected in the ring is an indication of visual acuity. Another measure of

acuity, the Snecllen Eye Chart, is similar to the Landolt Ring, except the |

observer must identify letters viewed at a fixed distance,
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Another type of acuity measure is the minimum separation acuity defined

as the smallest separation that can be resolved by the eye or by a given

display medium,

Visual Angle

The size of the object at the eye of the observer, Visual angle takes into
account the actual size of the object and the distance of that object from
the eye, It is usually cxpressed in degrees, minutes, or seconds of arc.
Equation (A-1) below can be used to calculate the visual angle subtended
by an object or symbol of known size at a specified distance, Using
Equatioa (A-2), the symbol size required to achieve a specified visual

angle can be calculated,

Visual angle in degrees = 2 arctan h/2d (A-1)

i

where h

d

linear symbol dimension (height)

distance from eye measured perpendicular to line of sight

A close approximation to Equation (A~1) can be computed for angles of

less than ten degrees (600 minutes), using constants as follows:D

Visual angle in degrees = 57(-} 3h
where h and d defined as 1n Equation (A-1)

BBaker, C.A, and W. F, Grether, "Visual Presentation of Information, "
Wright Air Development Center, WADG-TR 54160, AD43-064, 19854,
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To convert from angular to lincar measure

h = 2d tan visual angle/2 (A-2)

in Table A-2, some typical values are provided as examples of the relation-

ship betwen size, viewing distance and visual angle.

TABLE A-2. SYMBOL SIZES REQUIRED TO ACHIEVE GIVEN VISUAL
ANGLES AT SEVERAL VIEWING DISTANCES (Cell values,
in parentheses, represent symbol size in inches and centi-

meters. )
Viewing Ihistance Sybol mize (Alinutes of are)
Inches | (Ceatimieters) 5 10 15 21 30 40 | 45
36 a1 0. 05 0. 10 0.16 0.22 0. 31 0,42 0,47
{0.13) | (0,27) "{0,40) | (0.56) | (0.80) | (1.06) [(1.20)
32 a1 0.05 0,00 0.1 0.20 0,28 0,37 0, 42
(0.12) (0.24) {0.35) (N, 50} (0, 71) (0, 95) (1. 06)

28 71 0,04 0, 08 0.12 0.17 0.24 0, 35 0.3
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Visual Sensitivity
The human eye is divided into two nigjor areas, fovea and periphery, each ,
of which has different levels and types of sensitivity to visual stimulation 1
{see Figures A-10 and A-11.) {
i
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Foveal Vision--Foveal vision covers an area within nbout + 1 degree from

the center of the line of sight; both visual acuity and color vision are

maximum in this area. The fovea contains only cones,

Periphieral Vision--The remainder of the visual field that lies oatside the

foveal ficld of view. Sensitivity to low levels of light is much greater in

the periphery. Acuity is substantially lower, however, so the periphery

is not sensitive to fine detail, Color sensitivity also decreases as the t
signal moves out into the periphery. ‘The periphery contains both rods and

cones but the number of cones decreases markedly as the distance from i
the foveu increases, Peripheral vision extends 180 degrees from the line

of sight and about 130 degrees in the vertical direction, (sce Figures A-12 |

and A-13,)
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‘1

These figures also indicate that the visual field is maximum for white

signals, and that the field for coler signals is more restricted, with

green and red having much smaller areas of sensitivity than other colors.

ijeleggth

A specific point on the visible portion of the spectrum (see Figure A-~14).
Usually used to describe the characteristic of a signal of some specified
hue as shown in Figure A-14. Most real-world signals are not produced
by one wavelength but are a mixture of more than one, The particular

color seen in such a mixture is determined by the dominant wavelength.

204

-— eows o Ed SN @GR I &™

w -

U

ERW P

SR N0 T D U e cower oond eWR e
fgmr 2 JPPIT mmw.-n-;-w.wv.am P



— e

-

M

wnaicady 2(qrsIA aylL

‘pI-v 2an3di g

01 m:a . g
ve .» g7 21450 \. 00y
5I- ‘
o t 1019 HSICA3Y
127t SAVY |
c 21-01 yyo o
1 * SATEK = ng INTS HSINIZdY
01 | ! = N3399-3N18
el g-01 ™ N33¥9 HSINTE
m._.m; .& 005 -
LI N3349
ﬁoTﬁ — 3181SIA
9-01 >|lm, .
03UVIAN] | = N334I HSIMOT13IA
210t 61 . ——  HOT13A-NI3Y9
¢~ m.w,.qz ——  M0T73A HSINIIYD
= 11
-O%E = MOTBA__ wo113x Hs1003
o1 4 ——  Q3Y-M0TIIA
6Vl = 009 L
= 01
SIAVM 010V
ol
01 —  3¥ HSIMOT13A
<
b k- b
Akl E :SIWYN INH T¥DIdAL
’ \_
00/ —
(ZH) fw) L0
o 0] (W} HIZNITIAWM
AININLI 4 HIONITIAYM 813345 31a1SIA

205



APPENDIN REVERENCES

i. DMeister, D, and D.J. Sullivan, "Guide to Human Engincering Design
for Visual Displays, " Contract No. N00014-63-C-0278, Engincering
Psyrchology Branch, Office of Naval Research, Washington, DC.

AD 693-237, 1969.

2. Bryden, J.E., "Design Coasiderations for Computer-Driven CRT
Displuys, " Computer Ilesign, March 1969, pp. 38-46.

3, Geldard, . A., The Hunian Senses, Second Edition. New York: Wiley,
1972,

4, Bioastronautics Data Book., Washington, DC: National Acronautics
and 3pace Auministration, SP-3006.

5. Farrell, R, J. and J. M. Booth, "Design Handbook for lmagery Inter-
pretation Equipment, " Boeing Acrospace Company, December 1975,

6. Baker, C.A. and W.F. Grether, "Visual Presentation of Information, "
Wright Air Development Centzr, WADG-TR-54160, AD43-064, 1954,

r—— e




- ——
—

DISTRIBUTION LIST

Chief of Naval Research
800 North Quincy Street
Arlirqton, VYA 22217
Attn: Codes 221

Cefense Documentation Center
Cameron Statiaon
Mexandria, VA 22313

Director

Naval Resecarch Laboratory
Washington, CC 20390
Attn: Code 2627

Commanding Officer

Office of Naval Research
Branch Office

New York Arvea Office

715 Broadway (5th floor)

New York, NY 10003

Commanding Officer

Office of Naval Research
Branch Office

1030 East Green Street

Pasadena, CA 91106

Commanding Officer

Office of Naval Research
Branch Office

Building 114, Section D

666 Summer Sireet

Boston, MA 0221C

Cormanding Officer

Office of Naval Research
Branch Office

536 Clark Street

Chicago, IL 60605

Office of the Chief of Naval
Operations
Department of the Navy
Washington, DBC 20350
Attn: 0OP-986D
0P-387
0P-506

—t e ek

P

Office of the Deputy Under
Secretary of Defense

QUSDRE (£&LS)

Pentagon, Room 30129

Washington, DC 20301

Attn: CODR Chatelier 1

Headquarters
Department of the Navy
Naval Material Command
Washington, DC 20360
Attn: Systems Effectiveness
3ranch MAT 08721 1
98724 1

Commander
Naval Air Systems Command
Washington, DC 20360

Attn: AIR 5335 1
5313 1
340D 1
340F 3
360A 1
03PA 1
Conmander
Naval Sea Systems Command
Washington, DC 20360
Attn: NSEA 0341 1
Commander
Naval Electronic Systems Conmand
Washinyton, DC 20360
Attn: ELEX 304 1
4701 1
Naval Facilities Engineering
Command
R&D Plans and Programs
Code 03T
Hoffman Building II
Alexandria, VA 22332
Attn: Mr. M. Essoglou 1

Commanding Officer
U.S. Naval Air Deveiopment Center
Warminster, PA 13974
Attn: Codes 20P4
604
607

5023
Tech Library

—t e o coed —




- —————— o e s

Lommanding Officer
Human Factors Section
Systems fngineering Trst

Directorate
U.S. Naval Air Test {enter
patuxent River, MO 20670 1

gureau of Medicine & Surgery
Aeraspace Psychology Branch

Code 513
Washington, DC 20372
Attn: CDR R. Gibs'~ 1

Naval Medical R&D Command

Code 44

Naval Medical Center

fethesda, MD 20914

Attn: LCDR Robert Piersner 1

Submarine Medical Research Lab
Naval Submarine Base
Groton, CT 06340
pttn: Or. George Moeller
Oy, J. A. S. Kinney

ot

ferospace psychology pivision
Naval Aerospace Medical Institute
Pensacola, FL 32512

Commander
Naval Ocean Systems Center
San Diego, CA 92162
Attn: Code 7113
8231

— o

{ommander

Naval Weapans Center

China Lake, CA 93555

pttn: Code 3175 3

Comman-ier

Naval Surtace weapons Center
Dahlgren Laboratory

Dahlgren, VA 20910

Attn: lechnicel Libravy 1

Commander

Naval Avionics Facility

6000 E. 21st Street

[ndianapoiis, 46218

Attn: Technical Library 1

Commander

Navai Ship Research & Development
Center, Annapoiis Division

Human Factovs Engineering granch

Annape »is, MO 21402

Commander

Naval Coastal Systems Laboratory
Code 712

panama City, /L 32401

Naval Training Equipment Center
Orlando, FL 32813
Attn: Technical Library

-

Navy Parsonnel Research &
Development Center

Code 305

san Diego, CA 92152

Attn: Code 311

Human Factors Engineering Branch
Pacific Missile Test Center

Foint Mugu, CA 93UAC
Attn: Code 1226

pean of Research Administration
Naval Postgraduate School
Monterey, CA 93340

flean of the Academic Departments
U.S. Naval Academy
Annipolis, MD 21402

Gperatiuns nesearch Department
Naval Postgraduate School
Monterey, CA 93940

Attn: Dr. Gary Poock

Commander

Naval Underwater Systems Center
Department SB 324

Newport, R1 02840

pisplay Branch

Naval Underwater Systems Center
New Londen, CT 06320

Attn: Code T0112

e e e o2 St



Director, U.S. Army Research
Institute

5001 Eisenhower Avenue

Alexandria, VA 22333

U.S. Army Avionics Research &
Development Activity

Attn: DAVAA-E

Fort Monmouth, NJ 07703

U.S. Army Electronics Research
& Development Command

Attn: DELET-BD

Fort Monmouth, NJ 07703

Commandant, U.S. Marine Corps
Headquarters, U.S. Marine Corps
Washington, DC 20591

Attn: RD-1

Chief, ¢3 Division

Development Center

MCDEC

Quantico, VA 22134

Conmandant

U.5. Coast Guard Headquarters
400 7th Street, NW
Kashington, DC 20591

Attn: GDST/62 TRPT

Commanding General

U.S. Army Material Command
Washington, DC 20315
Attn: AMCRD-HA

DAPE-PBR
wWasiington, DC 20545
Attn: Mr. J, Barber

Director, Organizations &
Systems Research Laboratory
U.S. Army Rasearch Institute
5001 Eisenhower Avenue
Aiexandria, VA 22333

U.S. Army Aeromcdical Research
Laboratory

Attn: CAPT Gerald P, Krueger

Fort Rucker, AL 36362

Director
Human Engineering Labs

Aberdeen Proving Grounds, MD 21005

Attn: AMXRD-HEL

Air Force Avionics Laboratory
Alr Force Systems Command
Wright-Patterson AFB, OH 45433
Attn: - AFAL/RWI

Aeronautical Systems Division
Air Force Systems Command
Wright-Patterson AFB, OH 45433
Attn: ASD/RW

ASD/AERS

Aerospace Medical Research
Laboratory

Wright-Patterson AFB, OH 45433

Attn: AMRL/HEA

Air University Library
Maxwell Air Force Base, AL 36112

Dr. Gordon Eckstrand
AFHRL/ASM
Wright-Patterson AFB, OH 45433

Air Force Office of Scientific
Research

Life Sciences Directorate

Bolling Air Force Base

Washington, DC 20332

Headquarters, Rome Air
Development Center

Mir Force Systems Conmand

Griffiss Air Force Base, NY 13447

Attn: RBRAC

Federal Aviation Agency
NAFEC Bldg. 10

Atlantic City, NJ 08405
Attn: Code ANA-230

Defense Advanced Research Projects
Agency

1400 Wilson Boulevard

Arlington, VA 22209

Sl

.

o R e



Institute for Defense Analysis
400 Army-Navy Drive

Arlington, VA 22204

Attn: .. Biberman

Office of Life Sciences

National Aeronautics & Space
Administration

600 Independence Avenue

Washington, DC 20546

Attn: Dr. Stanley Deutsch

National Oceanic & Atmospheric
Administration

11400 Rockville Pike

Rockville, MD 20852

Attrn: Dr. J. Miller

University of I1lincis
Coordinated Sciences Labeoratory
Urbana, IL 61801

Attn: Dr. G, Slottow

Virginia Polytechnic Ins
i

ijtute
N L Tt . .ad..2a oo PRI Sy
ucpt. Gl “IUU)t-’ 1al EHH rerii

Blacksburg, VA 24061
Attn: Dr., H, L. Snyder

[F =i}

Honeywell, Inc.
Systems and Research Division
2600 Ridgway Parkway
Minneapolis, MN 55413
Attn: Dr. A. Kanarick

Jim Wolf

Research and Development
Box 43

Schenectedy, NY 1230}
Attn: J. E. Bigelow

Magnavox Company

Advanced Technology Group

Fort Wayne, IN 46804

Attn: Dr. C. Craighead
Paul Halberg

Kaiser Aerospace and Electronics
Corporation

1651 Page Mill Road

P.0. Box 11275 Sta. A

Palo Alto, CA 94306

Attn: G. Carroll

et et =

IBM Watson Research Center
P.0., Box 218

Yorktown Heights, NY 10598
Attn: Ifay Chang

North Hills Electronics
Alexander Place

Glen Cove, NY 11542
Attn: S. Sherr

Xerox Corporation

Palo Alto Research Center
3333 Coyote Hill Road
Palo Alto, CA 94304
Attn: B. Kazan

Dr. Marjorie Krebs
625 Euclid Avenue
Erie, PA 16511

Tektronix, Inc,
P. 0. Box 500
Beaverton, OR 97005
Attn: A. Silzars

C. infante

K. Considine

Sperry Flight Systems
2111 N. 19th Avenue
M/S 109-C

Phoenix, AZ 85302
Attn: J. R, Trinmier

Northrop Electronics Division
2301 W, 120th Street

Hawthorne, CA 90250

uuuuu

Attn: Walt Goede

HWestinghouse Electric (orp.
Research and Development Center
Pittsburgh, PA 15235

Attn: Dr, Peter Brody

Xerox Corporation
Webster Research Center
80C Phillips Road W114
Webster, NY 14580
Attn: J, B. Flannery

Lucitron, Inc.

1918 Raymond Drive
Northbrook, IL 60062
Attn: Alan Sobel

el vl

a e mrmac



Boeing Commercial Airplane Co,
P.0. Box 3707

M/S 47-09

Seattle, WA 98124

Attn: A. F., Norwood 1

parris Corporation
Electronic Systems Division

MS1/1821

P, 0. Box 37

Melbourne, FL 32901

Attn: Terry Riley 1

Lockheed Aircraft Corporation
P.0. Box 551 Dept. 96-26
Burbank, CA 91520

Attn: Don 0Oda ]

Felco Electronics

Department 3210

7929 South Howell Avenue

Oak Creek, WI 53129

Attn: Earl Strandt 1

Hewlett Packard

1000 NE Circle Boulevard
Corvallis, OR 97330

Attn: Paul Van Loan 1

Department of Psychology

The Johns Hopkins University
Charles and 34th Streets
Baltimore, MD 21218

Attn: Dr. Alphonse Chaparis 1

Department of Engineering Administration
George Washington University

Suite 805

2101 L Street, N.W,

Washington, DC 20037

Attn: Dr. Meredith P, Crawford 1

Departuent of Ocean and
Electrical Engireering

Massachusetts Institute of
Technology

Canbridge, MA  C2139

Attn: DOr. Arthur B, Baggeroer 1

Richard E. Christ
Box 30J - New Mexico State University
Las Cruces, NM 88003

Jan MWirstad
Ergonomrad AB

Box 100 32
$-650 10 Karlstad
Sweden

Professor Dr, R, Bernotat

‘Forschungsinstitut fur Antropotechnik

Buchctrasse
D-53038 Mechenheim
West Germany FRG

Albert G. Bowman

Human Engineering Group
Institute fur Perception TNO
Kampweg 5, P, 0. Box 23
Soesterberg, The Netherlands

Professor Dr. C. Graf Hoyos
Lehrstuhl fur Psychologie
Technical University of Munchen
Lothstrasse 17

85G0 Muchen 2

West Germany, FRG

Chris Poulton

MRC Applied Psychology Unit
15 Chaucer Road

Cambridge CB2 2tF

England, U.K,

Ronald S. Easterby

Applied Psychology Department
University of Aston

Gosla Green

Birmingham B4 7ET

England, U.K,

Oceanautics, Inc,

422 6th Street
Annapolis, MD 21403
Attn: Dr. W, S, Vaughan

Naval Ocean Systems Center
Hawaii Laboratory

P.0. Box 997

Kailua, Hawaii 96734
Attn: DOr. Ross L. Pepper




- ———————— e e rrmnm e

Department of Psychology

. Vanderbilt University
Nashville, TN 37240

Attn: Or. Robert Fox 1

Human Factors Research, Inc.
Santa Barbara Research Park
6780 Covtona Drive

Goleta, CA 93017

Attn: Dr, Robert R, Mackie 1

Dep rtment of Mechanical Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139

Attn: Dr. 7. B. Sheridan i

Department of Psychology
Gartley Hall

University of Hawaii at Manoa
Honolulu, Hawaii 96822

i Attn: DOr, William R, Uttal 1

Control Data Corporation

Research and Advanced Design Lab.
4290 Fernwood Street

I Arden Hills, MN 55112

f Attn: 0U. B, Bonstrom 1

|

: Boeing Aerospace Company

! Research and Enqineering Division
| P.0. Box 3999 MS 41-08

| Seattle, WA 98124

| Attn: W. J. Hebenstreit 1

|
[
|

Hughes Aircraft Company
, Display Systems & Human factors
b Department
Aerospace Group
Culver City, CA 90230
Attn: V. Carel 1

McDonnell Douglas Corporation
P.0. Box 516
St. Louis, MO 63166
Attn: H. F. Engineering
R. W. Fisher
' G. Mills
G. Adam

el ol wwd o

Panel Displays Incorporated
211 Soutk Hindry Avenue
Inglewood, CA 90301

RCA Laboratories

bavid Sarnoff Research Center
Princeton, NJ 08540

Attn: Phil Heyman

Perceptronics, Inc,
6271 Variel Avenue
Woodland Hills, CA 91367
Or, Cershon Weltman

——— WS PR SR e

bibilenana,




